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Black phosphorus (BP) is a promising material in many research fields. However, 
the transition process from amorphous red phosphorus (ARP) is elusive and hence 
hinders large scale synthesis and applications. This work describes the application of 
the high-pressure method to study the transition process from ARP to BP. 
In this thesis, the following three objectives were achieved: (1) to understand the 
mechanism of the transition, (2) to facilitate the synthesis of BP by taking the advantage 
of less pure ARP, (3) to propose new methods of synthesizing BP-based materials, such 
as the moderately oxidized BP and the black phosphorus/ amorphous red phosphorus 
(BP/ARP) heterostructure. 
The pressure-induced crystallization of ARP to BP was investigated by in-situ 
Raman spectroscopy and high-resolution transmission electron microscopy (TEM). 
Raman measurements revealed slow crystallization kinetics. TEM analyses provided 
information supporting the crystallization mechanism of structural rearrangement and 
oriented attachment of phosphorus atoms. 
Under this mechanism, the impure ARP was demonstrated to be a suitable raw 
material with lower cost in synthesizing BP. According to energy-dispersive X-ray 
spectroscopy and X-ray photoelectron spectroscopy (XPS), no metal elements are 
chemically bonded with the phosphorus in either ARP or as-made BP, resulting in an 
unaffected transformation and providing a low cost alternative raw material for the 
scale-up synthesis of BP. Nevertheless, a moderately oxidized BP was first and 
successfully prepared using slightly oxidized ARP under high pressure as evidenced by 
the Raman and XPS results. Also according to the infrared spectroscopy and XPS, the 
phosphorus-oxygen bonds in both ARP and converted BP showed reversible changes 
after compression. This finding provides a new route to directly prepare BP with native 
oxidized phosphorus endowing unexplored features to the BP.  
The BP/ARP heterostructure featuring very small nanocrystals and the well-
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defined crystalline regions of BP exhibit increased reactivity in visible-light-driven 
hydrogen production from water than pure ARP and BP, suggesting a new metal-free 
photocatalyst for producing hydrogen from water. Moreover, by applying pressure, we 
found that the rate of the photo-driven chemical reaction could be further increased in 
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Summary for Lay Audience 
Black phosphorus, a material attracting increasing interest in electronic and 
optoelectronic devices is discovered by applying high pressure to white or red 
phosphorus. The mechanism of the transition from red to black phosphorus was elusive 
because of the amorphous structure of red phosphorus. We found that the transition is 
pressure-dependent and slow, due to the pressure-induced rearrangement and oriented 
attachment structural subunits. Under this mechanism, and because included metal 
elements in the impure red phosphorus do not chemically interact with phosphorus, we 
demonstrated the possibility of using impure red phosphorus to synthesize black 
phosphorus at a much lower cost. Partial oxidation can be beneficial to black 
phosphorus but post-treatment causes unnecessary material loss. Thus, we proposed an 
alternative method based on the transition mechanism using slightly oxidized red 
phosphorus. In the process of the conversion under pressure, a black phosphorus 
heterostructure was synthesized following the revealed crystallization mechanism. 
Comparing to pure black or red phosphorus, the heterostructure material exhibited the 
improved ability of light-driven hydrogen production that is a future energy resource. 
We also demonstrate that its hydrogen-producing rate can be further increased by 
applying pressure, suggesting a possible method to tune the efficiency of 
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1.1 Principles of High-Pressure Chemistry 
Most chemistry studies on reactions and properties of materials are conducted at 
about atmosphere pressure, whereas reactions going on in the deep ocean and inside 
stars or planets are under high pressure condition. The bonding, reactivity and structures 
of materials are determined by the valence electrons of composing atoms. Under high 
pressure, the average molar volume can be greatly reduced, leading to decrease in 
average interatomic distances and hence causing electronic overlap.1-4 So asymmetries 
in the distribution of the electron density will lead to substantial variations in chemical 
and/or physical properties.1 The high-pressure chemistry has been applied to study H-
containing solids, the solid-state polymorphism of CO2, elemental alloys, the structure 
and thermodynamic properties of liquids and amorphous solids, polymorphism in 
organic molecules for pharmaceuticals and explosives, protein denaturation and folding 
transformation, life emergence in deep ocean, hyperbaric effects in neuroscience.1 
Besides, pressure is an important thermodynamic parameter equivalent to the 
temperature and the chemical potential for determining the state of material and 
inducing chemical reactions.2-6 Therefore, high-pressure impacts on a material is 
discussed from the following four aspects, i.e. introduce changes to the system from the 
perspectives of thermodynamics, kinetics, chemical bonding and electronic structures. 
1.1.1 Thermodynamics at High Pressure 
The thermodynamic stability of a solid is defined by the Gibbs free energy,5, 7 
                         G = E + pV – TS                  (Equation 1-1) 





volume, and entropy of a phase, respectively. According to this equation, the Gibbs free 
energy is dominantly affected by the TS term, while the pV term is negligible at ambient 
pressure. However, the pV term increases swiftly by orders of magnitude when the 
pressure falls in the GPa range, turning into the dominating factor deciding the Gibbs 
free energy. At 0 K, the Gibbs free energy is equivalent to the enthalpy.5, 7 
In the energy-volume diagram (Figure 1- 1a), parabolas illustrated the ground state 
(GS) and metastable states (A and B), and the grey dashed lines represent phases in 
equilibrium state.5 Moreover, all energetic information of a phase is accommodated by 
the single point at equilibrium volumes V0 and energies E0, represented by filled circles. 
One can describe the thermodynamic stability of a phase using the convex hull.5 
A phase on the line has the lowest formation energy at that composition meaning 
thermodynamically stable. At high pressure, volume of all phases in the material is 
taken into consideration, giving rise to the composition-volume-energy hull, as shown 
in Figure 1- 1b, suggesting a phase on this convex hull is thermodynamically stable. 
 
Figure 1- 1 (a) A schematic energy-volume diagram presenting the ground state (GS), two metastable 
states (A and B), and equilibrium states (dashed grey lines).5 (b) Schematic composition-volume-energy 
and composition-energy convex hulls of a binary system.5 Individual phases are represented by blue, teal 
and orange spheres for thermodynamically stable, metastable and unstable phases, respectively. 
At temperature of 0 K, a thermodynamic equilibrium system is described by the 
equation,5 
                         dE = −pdV +∑ 𝜇𝑖𝑑𝑁𝑖𝑖                (Equation 1-2) 





composition of the number of phases i. Accordingly, the equilibrium pressure is defined 
by p = −[(𝜕𝐸)/(𝜕𝑉)]𝑁𝑖, and hence a phase can be stable if in the pressure range, [𝑝−, 




𝐸0 − 𝐸(𝑉0 ∓ 𝑑𝑉)
𝑑𝑉
 
indicating the role of pressure in the stability of a material, especially under high 
pressure. Thus pressure is an intensive variable of the internal energy of a material when 
its volume changes at constant entropy or temperature,2 inducing several important 
effects on interatomic interactions, modifying chemical, structural, mechanical, 
electronic, magnetic, and phonon properties.2, 4-5 
1.1.2 Kinetics at High Pressure 
Based on the activated complex theory, the rate constant in pressure invariant 











where ∆𝑉‡ is the volume of activation, standing for the difference in partial molar 
volume between the transition state and the precursors. Hence, phase transition rate 
under high pressure provides structure and property information to understand the 
transition state. 
Similar to temperature variations, kinetics also plays an important role in 
governing pressure-induced transformations process, for instance, nonequivalent 
transitions of crystalline materials, stable multiple phases in wide pressure ranges, and 
evolution of multiple phases as function of dwelling time at a fixed pressure.9 As 
suggested by Elena Boldyreva,10 transitions under high pressure can be controlled by 
kinetics rather than thermodynamics, as illustrated by several materials under high 
pressures.11-13 







(2) Irreversible transformations. 
(3) Different pressure-induced effects for single crystal and polycrystalline forms 
of the same material. 
(4) The transformation features a distinct induction period. 
(5) The formation of different forms of phases under the influence of the 
pressurizing history, the decompressing rate, and the dwelling period at a pressure. 
(6) The impact of the liquid phase pressure-transmitting medium and any trace of 
the second liquid phase included. 
1.1.3 Chemical Bonding at High Pressure 
A chemical bond can be characterized by the following two categories14: (1) atoms 
and their specific atomic properties, such as electronegativity and ionization potential, 
and the distribution of bonding electrons, which affects the ionic, covalent, or metallic 
character of the bonding. (2) The overlap of the corresponding orbitals and the 
interatomic distance, the structure and coordination number, and the formal oxidation 
state of the involved cation. So for a material, the existing chemical bond can be 
modified or even broken through a pressure-driven structural transformation, and new 
chemical bond can be established, giving rise to new materials under high pressure. 
Increasing pressure was found to promote the formation of and strengthen hydrogen 
bonding in methanol,15-16 glycerol,17 and 4:1 methanol-ethanol mixture.18 Somayazulu 
et al.19 first provided the experimental evidence of formation of bonding states in the 
Xe-H2 material system under high pressure, because of the enhanced chemical 
interaction between the Xe atoms, and between Xe pairs and the surrounding H2. In 
another example, when applied pressure increased up to 8.4 GPa, v-B2O3 demonstrated 
variations in bonding environment, showing a decrease in π∗ character but an increase 





1.1.4 Electronic Structure at High Pressure 
When the applied pressure is in the several hundred of GPa, main group elements 
may evolve into electride structure,21-22 which is a pseudo-ionic compound in which the 
“anion” is a localized electron or an electron pair,23-24 for example, the compressed 
alkali elementes,25-26 and superconductivity under high pressure.27-32 The roles high 
pressure in affecting electronic structures of materials are discussed from the following 
perspectives (summarized in Table 1-1): 
(1) Changes of coordination and bonding 
The dramatic volume decrease of a material is the most straightforward effect upon 
compression. The reduction of interatomic distances leads to modification of the 
hybridization, the bonding, and the energetically possible stable structures, generating 
new properties or phases of materials through structural phase transitions.33-35 High 
pressure converts weak chemical interaction or bond into strong covalent or ionic bonds, 
such as π bond, van der Waals interaction and hydrogen bond,36-37 resulting in the 
increase of the coordination number, for instance, zincblende or wurtzite structures with 
fourfold coordination changes to NiAs or NaCl structures with sixfold coordination 
under high pressure.34 High pressure was proved to reverse the energetic order of two 
allotropes of carbon, therefore diamond of sp3 C–C bond becomes energetically more 
favorable than graphite of sp2 C–C bond. The same mechanism was also found in the 
high-pressure transition from hexagonal boron nitride to cubic boron nitride (c‑BN),38 
in the nanotwinned diamond39 and the c-BN40, high energy and density polymeric 
nitrogens,41-43 and insulating electride phases.25, 44-45 Pressure also affects long-range 
spin states or charge-ordering states,35 triggering the switch from high to low spin state, 
or destabilizing spin- or charge-density wave states.46-48 
(2) Electron delocalization  
The increase in electron density of an atom of considerably pressurized material 
causes kinetic energy gains in electrons and increases the general tendency towards 
electron delocalization. These changes lead to broadening in the energy-band, closure 





nitrides,49-50 hydrogen-rich metal hydrides,51-54 unusual stoichiometries of sodium 
chloride (Na3Cl and NaCl3),
55 unprecedented stoichiometry H3S,
56-59 converting some 
insulating or semiconducting elements at ambient conditions to superconductors at high 
pressures,60 such as superconducting high-pressure H2S.
61  
(3) Interatomic electron transfer 
Pressure is able to change the energetic ordering of the outer atomic orbitals 
through transferring electrons from occupied orbitals to unoccupied ones through 
hybridization.62  
(4) Exotic charge redistribution  
High pressure tremendously enhances the tug-of-war between the electron kinetic 
energy and the electrostatic Coulomb interaction, eventually leading to the charge 





























Table 1- 1 The high pressure effects on electronic structures of materials. 
High-Pressure Effects Example Materials Ref. 
Changes of coordination 
and bonding 
six-fold coordination NiAs or NaCl 34 
hexagonal BN 38 
nanotwinned diamond 39 
cubic-BN 40 
polymeric nitrogens 25, 41-45 
Electron delocalization 
alkaline-earth metal nitrides and 
transition metal nitrides 
49, 50 
hydrogen-rich metal hydrides 
51, 52, 
53, 54 






insulating phases of Na 25 
insulating phases of Li 64 
Rb-IV phase 65 
Exotic charge redistribution 
alkali metal electrides 25, 44, 66 
ionic phases in ammonia (NH4+NH2−) 36, 37 















1.2 Phosphorus: A Single Element Material 
After Henning Brandt first extracted white phosphorus (WP) from urine in 1669, 
Carl Wilhelm Scheele and J. G. Gahn produced WP using bone ash (mostly calcium 
phosphate—Ca3(PO4)2) in the 1770s. Among three basic allotropes, namely white, red, 
and black phosphrous, structures of BP and WP are known.63 At ambient, BP has an 
orthorhombic structure, and changes first into a rhombohedral form and then into a 
cubic form as pressure increases.63. In 1848 ARP was first prepared from heated WP, 
besides, when irradiated under UV light the polycrystalline WP transforms into ARP 
as well.63 BP was first discovered by Bridgman in 1914.64-65 In 1935 Hultgren et al. 
first resolved the crystal structure of BP.66 Properties of phosphorus allotropes are listed 
in Table 1- 2. 
Phosphorus can adopt many structures.67-68 All known allotropes of phosphorus in 
crystalline forms are shown in Figure 1- 2, according to the Inorganic Crystal Structure 
Database.69 At room temperature, the crystalline α-WP consistsof P4 molecules with a 
similar structure to that of α-Mn.70 At low temperature, the α form will transform to 
crystalline forms, in which the P4 tetrahedra occupies bbc structure in the β form but 
distorted-bcc-like lattices in the γ form.70 The β-WP is commonly treated as the low 
temperature structure for elemental material of phosphorus.71 Violet phosphorus, or 
Hittorf’s phosphorus, has a monoclinic structure and consists of perpendicularly 
connected pentagonal tubes of phosphorus, which is ascribed to the type V red 
phosphorus, meanwhile the crystalline fibrous (type IV) red phosphorus  consists of 
parallel connected pentagonal tunes of phosphorus.72 
The stability of allotropes of phosphorus was controversial topic. The 
orthorhombic BP was found to be more stable at ambient condition than red 
phosphorus,64, 73 which was supported by entropies calculated by Stephenson et al.74 
based on the heat capacities of red and BP. Later, combustion calorimetry studies by 
O’Hare et al. showed that at low temperatures and pressures BP is more stable than red 







Figure 1- 2 Crystal structures of γ-WP, β-WP, black (BP), red-IV (type IV form of red phosphorus), and 
red-V (type V form of red phosphorus).84 
So far BP is regarded as the most thermodynamically stable phase at ambient 
condition.74 Recently, Aykol et al. comprehensively re-examined the stabilities of 
phosphorus allotropes using state-of-the-art van der Waals-inclusive density functional 
theory methods, from the perspectives of energetic stabilities and density.77 They found 
that: (1) black and red phosphorus may have smaller energy difference, and (2) BP is 
not the omnipresent lowest energy structure. (3) According to the densities of allotropes 
phosphorus, type V red phosphorus could be the structure of the elemental phosphorus 











Table 1- 2 Properties of white, red, violet, and black phosphorus.85-86 








Red solid Purple solid Black solid 







Space group I4̅3m NA P2/c Cmca 
Density (g/cm3, 
ambient) 
1.828 2.2~2.34 2.36 2.69 












direct band gap 
Melting point 
(K) 
317.3 ~860 689 689 
Boiling point 
(K) 
553.7 NA NA NA 
Reactivity 
Auto-ignite in 
air at ~30°C. 
Auto-ignite  










1.3 Progress of High-Pressure Study on Phosphorus 
1.3.1 Liquid Phase of Phosphorus 
An abrupt and reversible pressure-induced liquid–liquid phase transition has been 
observed in phosphorus using in-situ X-ray diffraction (XRD), indicating a polymeric 
form of liquid phosphorus instead of tetrahedral P4 molecules under pressures above 1 
GPa.80 Using in-situ X-ray diffraction, Monaco et al. discovered the transition line with 
negative slope and concavity up to 2200 ℃ at 0.3 GPa, indicating the rhombohedral 
structure of crystalline phosphorus in local atomic configurations.81 Later on, the 
character of this first-order liquid-liquid structural transition was better understand by 
Falconi et al. suggesting that the molecular liquid can be represented by uncorrelated 
tetrahedral.82 
1.3.2 Solid Phases of Phosphorus 
(1) Black Phosphorus 
Bridgman first discovered BP when WP was under the condition of 200 ℃ and 1.2 
GPa in 1914.64-65 Many years later in 1981, Shirotani and coworkers obtained 
millimeter-size BP single crystals at temperature above 500 ℃ and under pressure of 
2.3 GPa using a wedge-type cubic anvil.83 Using the Bridgman method, Endo and 
coworkers made larger and high-quality BP single crystals at temperature of 900 ℃ and 
pressure of 1.0 GPa using a large multi-anvil apparatus.84 In 2012, Rissi and coworkers 






Figure 1- 3 The pressure-atomic volume phase diagram of BP.86 
As illustrated in the high-pressure phase diagram of BP (Figure 1- 3)86 and 
summarized in Table 1-3, there are five pressure-induced structural phase transitions s 
up to 280 GPa.87-89 The orthorhombic structure (space group Cmca, P-I) is the most 
stable modification under ambient conditions.90 The orthorhombic phase transforms 
into the rhombohedral phase (space group R3̅m, P-II) at 5 GPa and the simple cubic 
(SC) phase (space group Pm3̅m, P-III) at 10 GPa,91 and the SC phase continues to be 
stable under pressure up to 107 GPa. Above 107 GPa, the SC phase undertakes a 
structural transition to an intermediate (IM) phase (space group Cmmm(00γ)s00, P-IV) 
featuring an incommensurate modulation, and under pressure of 132 GPa the IM phase 
transform to the simple hexagonal (SH) phase (space group P6/mmm, P-V).87-89  
However, the first principle calculations by Mikhaylushkin et al. implied a SH 
structure for P-IV phase and bcc structure for P-V phase.92 When pressurized up to 262 
GPa, the SH phase further transforms into the P-VI phase, which is a close-packed bcc 
(space group Im3̅m) structure.88, 93 However, the XRD result at 280 GPa proved the 
coexistence of the SH phase and the P-VI phase, giving rise to other complex structure, 





pressure above 280 GPa the bcc structure of the P-V phase continues to transform, first 
to the IM7 structure and finally to the close-packed hexagonal strucutre.92  
Sugimoto et al. investigated the structural phase transitions of BP at room 
temperature but under pressures up to 340 GPa using the synchrotron radiation XRD.86 
They confirmed that the P-V to P-VI phase transition s occurred at 262 GPa. Their 
results suggested that the P-VI phase is a bcc structure (space group I-43d) with 
superlattice, which is isotypic to high-pressure phases of alkali metals such as Li93 and 
Na94, and is stable under pressure up to 340 GPa. Flores-Livas et al. performed 
resistivity measurements up to 170 GPa and ab initio calculations study on structures 
and feature of superconductivity up to 350 GPa, providing different perspectives of 
understanding phosphorus under high pressure.95 
Table 1- 3 Synthesis and structures of BP under pressure. 
Pressure 
(Temperature) 
High-pressure structures of BP Ref. 
1.2 GPa (200 ˚C) BP (first discovery) 79, 80 
2.3 GPa (500 ˚C) first BP single crystal 100 
1.0 GPa (550 ˚C) high quality BP single crystal 101 
7.08.0 GPa  transformation into BP from ARP 102 
Below 5 GPa orthorhombic structure (Cmca, P-I) 107 
5 ~ 10 GPa  rhombohedral phase (R3̅m, P-II) 108 
10 ~ 107 GPa simple cubic (SC) phase (Pm3̅m, P-III) 108 
107 ~ 132 GPa 
intermediate phase (Cmmm(00γ)s00, P-IV) 
with an incommensurate modulation 
104, 
105 ,106 
132 ~ 262 GPa simple hexagonal phase (P6/mmm, P-V) 
104, 
105 ,106 
262 ~ 340 GPa 




(2) White Phosphorus 





GPa by Clark and Zaug using X-ray radiation at ambient temperature.96 At ambient 
condition, the α-WP is the stable form and consists of P4 tetrahedra arranged in the bcc 
α-manganese structure. When subjected to high pressure, an abrupt change of volume 
change of α-WP was observed at 0.8 GPa, suggesting a phase transition which is 
dependent on temperature.64 When cooled to −165 °C at ambient pressure, the α-WP 
(Figure 1- 4a) transforms to another phase, γ-WP.97 However, as heated to −115 °C, the 
γ-WP (Figure 1- 4c) transforms to the β-WP (Figure 1- 4b), which continues 
transforming to the α-WP at −77 °C.70 XRD study found that the α to β and γ to β 
transitions at −80 °C and −105 °C, respectively, which are further supported by Raman 
study.98 The β-WP has a triclinic structure similar to that of γ plutonium,96 meanwhile 
the γ-WP is monoclinic.99 The P4 tetrahedra show vibrational disorder in α- and β-WP, 
whereas are virtually static in γ-WP.96 In addition, both transitions were sluggish in 
kenitics (Table 1- 4).96 
 
Figure 1- 4 Schematic diagrams of (a) α phase, (b) β phase and (c) γ phase of WP. 
Table 1- 4 The temperature-dependent phase transition of WP. 
Temperature Phases Ref. 





β phase, triclinic structure 
85, 113, 
114 







Figure 1- 5 The metastable phase diagram of phosphrous.96 The WP consists of α, β, γ phases, the β-α 
phase boundary, the α-𝛼′ phase boundary, the solid-liquid transition line, the α-bP (BP) transitions to 
amorphous BP (a-bP), and orthorhombic, orthorhombic. 
In the temperature-pressure phase diagram of solid phosphorus (Figure 1- 5) the 
bcc α-WP transforms to a less compressible bcc 𝛼′  phase at 0.87 ±  0.04 GPa, 
showing 3.5% reduction in the molar volume, which is consistent with observation by 
Bridgman but does not correspond to the α to β transition.96 Comparing to the α-WP, 
the 𝛼′  phase has smaller zero pressure volume and larger bulk modulus 
(incompressibility).96 With increasing pressure, α-WP transforms into orthorhombic BP 
at 2.68±0.34 GPa and continues converting to rhombohedral and simple cubic BP at 
higher pressures. When pressure released, the simple cubic BP transforms back to the 
rhombohedral and then the orthorhombic phases, and remains in orthorhombic phase at 
ambient conditions, as summarized in Table 1- 5. 
Table 1- 5 High-pressure phase transition of WP at room temperature. 
Pressure Brief Description Ref. 
At 0.8 
GPa 










(3) Amorphous Red Phosphorus 
ARP is a material of intermedium range order, which contains P8 and P9 clusters 
as in the violet monoclinic red phosphorus, or has a layered structure similar to 
orthorhombic BP, or is a mixture of P3 triangles and P4 pyramidal subunits.100 Under 
pressures up to 6.3 GPa, in-situ XRD study suggested pressure-induced changes in the 
intermediate range order of ARP demonstrating a decreased P–P–P angle from 103° to 
98°.100 Using in-situ Raman spectroscopy and XRD along with previous data of 
equation of state for crystalline rhombohedral BP, Rissi et al. established the pressure-
dependent measurement of the equation of state of ARP up to 12 GPa.85 They 
demonstrated the formation of crystalline BP through the crystallization of ARP under 
high pressure.85 In contrast to corresponding BP polymorph under high pressure, ARP 
has much lower bulk modulus (11.2 GPa) of and pressure derivative (2.9), indicating 






















1.4 Objectives and Structure of Thesis 
Previous research using Raman and XRD showed that ARP remains a medium-
range-order structure up to 7 GPa.85 However, when applied pressure was increased to 
7.5 GPa, a sharp crystallization will take place and form the rhombohedral BP giving 
rise to the volume contraction of the system.91  
However, the structural transition was still considerably elusive because of 
medium-range-order in the structure of ARP.100 By far, structures of subunits in ARP 
are controversy, only few types of subunit are experimentally confirmed.85 Also the 
pressure-induced crystallization was found sluggish under pressure below 7 GPa, 
suggesting kinetics is the dominate factor in the crystallization. Therefore, by 
controlling the dwelling time period at the pressure slightly below the threshold 
pressure of the pressure-induced crystallization, various stages of structure changes 
during the whole crystallization process can be recovered using pressure quenching, 
and hence these structures can be studied in detail using microscopy, revealing more 
information on the mechanism of this process, which is discussed in detail in Chapter 
3. 
It is known that the commercial ARP comes with different purities. The impurity 
in the parent material can be beneficial or detrimental to the synthesis processes and 
products. With the pressure-induced transformation mechanism explained (in Chapter 
3), and considering that the ultrapure ARP are widely adapted as raw material in the 
production of BP bulk crystals, which is the only source for the fabrication of two-
dimensional BP, we applied the pressure-induced structure transformation approach 
revealed in Chapter 3 to synthesize BP using impure raw ARP as precursor to promote 
the production of BP at a lower cost which can be used as anode materials in alkali-
metal-ion batteries. The synthesis process and results are discussed in Chapter 4, 
demonstrating a possible raw material of low purity ARP for the synthesis of BP, which 
is a promising strategy to stimulate the development of BP with low cost of production. 
Oxidation is a challenging topic in the BP material, bringing both disadvantages 





were proposed to act as a protective layer for BP and a band gap modification method 
expanding its band gap energy.101 Post processing is a straightforward method to 
produce partially oxidized BP but causes extra consumption of this precious material. 
Therefore, considering the developed mechanism of pressure-induced crystallization of 
ARP (discussed in Chapter 3), high-pressure synthesis can be applied here to directly 
produce partially oxidized BP using moderately oxidized ARP as precursor material, 
which is discussed in detail in Chapter 5. 
In Chapter 3, the crystallization of ARP proceeding at a certain constant pressure 
is a kinetics-dependent process. Hence we can expect an intermediate phase or a 
crystalline-amorphous phosphorus heterostructure to be recovered with the assistance 
of pressure quenching. In addition, the intermediate phase or heterostructure could have 
new properties of ARP and BP combined, further expanding the application of 
phosphorus in energetic application, for instance, as metal-free and single element 
catalyst for the photo-driven hydrogen production. Besides, pressure was proven 
effective in enhancing the photocatalytic ability of ARP for hydrogen production.102 
Therefore, by manipulating the crystallization of ARP under pressure using the revealed 
mechanism (in Chapter 3), the BP/ARP heterostructure material was produced. 
Considering the superior electronic properties of BP, better and pressure-enhanced 
photo-induced hydrogen production efficiency of such BP/ARP heterostructure 
material is demonstrated in Chapter 6 in detail. 
As an attracting material, many properties under the impact of pressure are still 
unexplored as presented in the part of future work in the Chapter 7, which will be among 
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2.1 High-Pressure Experiment 
2.1.1 Diamond Anvil Cell  
Diamond anvil cell (DAC) is capable of producing pressures above 400 GPa,1-2 
and composed of piston, cylinder, seats, gasket and two diamond anvils, as 
schematically illustrated in Figure 2-1. In this thesis, all high pressure experiments were 
performed using the DAC, which consists of three basic components: opposing anvils, 
a confining gasket, and pressure transmitting medium (Figure 2-1).3 
 
Figure 2- 1 Illustration of the three basic components of a DAC: opposing anvils, a confining gasket, and 
sample chamber. A beveled-anvil geometry is displayed with culet size A beveled to B in micrometer 
scale at a bevel angle θ. This design can achieve much higher pressure than that without beveled-anvil 
geometry.3 
(1) Anvils 
Synthetic single-crystal diamonds are widely adapted as anvil material, because of 





①. the highest hardness and fracture toughness. 
②. the highest thermal conductivity, very low friction and adhesion. 
③. the ultrahigh melting temperature. 
④. the highest electron dispersion. 
⑤. radiation hardness, magnetic-field compatibility, and biocompatibility.  
The anvil material not only must to survive in the extreme experimental conditions, 
but also not compromise in-situ measurements using X-ray beams with energies above 
5 keV, UV–vis–IR radiation with energy below 5 eV, and other techniques, as well as 
ultrasound, neutrons, and electric-magnetic field.3 DACs are adapted for in-situ 
researche conducted in multi-megabar pressure regions,1-2, 4 with temperatures 
changing from as high as 7000 K5 to as low as 0.03 K6. Moreover, diamond is 
chemically inert, making an ideal substrate for other materials. There are other anvil 
materials for example, sintered nanocrystalline diamond with high strength7-8 and lower 
thermal conductivity9, sapphire and moissanite for studies within limited pressure 
ranges.10-12 
(2) Gaskets 
Gaskets are commonly made of high strength metal materials. Hardened steel, high 
strength tungsten and rhenium are mainly adapted to fabricate gaskets. A certain level 
of ductility of the material is appreciated for the volume reduction as the result of the 
rising pressure in the sample chamber.  
(3) Pressure transmitting medium 
All fluids solidify at sufficiently high pressure for example, the liquid helium 
solidifies at the pressure of 11 GPa at 300 K.13 At higher pressure, pressure is then 
transmitted through the solid medium to the sample material. The solid medium has a 
finite strength and hence leads to non-hydrostatic conditions with pressure anisotropy, 
inhomogeneity, and gradient.3 To reduce such effects, pressure media are chosen for 
their low strength and chemical inertness to the sample so that stress on sample material 
is uniform in all directions. A mixture of methanol–ethanol in 4:1volume ratio is 
commonly used as a fluid medium to 10 GPa.14 Inert-gas pressure media produce 





argon, 20 GPa in neon, and over 100 GPa in helium.15-17 Hydrostatic limits of 11 
commonly used pressure transmitting media were carefully reviewed by Klotz et al.18 
2.1.2 The Calibration of Pressure 
The calibrated ruby (Cr3+-doped Al2O3) fluorescence line shift and X-ray 
diffraction of a pressure marker are two ways to measure pressure in 
DACs. The ruby fluorescence method is easy and can be done in laboratory using a 
laser and a spectrometer. But the ruby fluorescence line shift has only been calibrated 
accurately to 80 GPa, and been extrapolated up to the 300 GPa range by Mao et al.19  
In this thesis, all pressure measurements were conducted using the ruby 
fluorescence line shift method. The pressure shift of the ruby R peaks (R1 and R2)20 
were fitted to the following equation21 to calculate pressures in the DAC, 
   (GPa)        (Equation 2-1) 
where λ is the measured wavelength of the ruby R1 line, λ0=694.24 nm is the zero-
pressure value at 298 K (R2 is at 692.81 nm), and A=1904 and B=5 are the least-
squares-fit parameters. A screenshot of the fitting result by software is shown in Figure 
2- 2. 
 
Figure 2- 2 In-situ pressure measurement in DAC and pressure value fitting and fitting result of pressure 















2.1.3 Sample Handling 
(1) Gasket pre-indentation and drilling 
The electro-discharge-machine (EDM) system was extensively used for drilling 
DAC gaskets (Figure 2- 3b to f). Using the drilling rods of various diameters (70 - 500 
μm) we were able to drill holes in pre-indented gaskets (Figure 2- 3a) made of stainless 
steel by the EDM system.  
 
Figure 2- 3 Images of (a) pre-indented gasket, (b) drilling set up, (c) alignment before drilling, (d) during 
drilling, (e) after drilling, and (f) after cleaning. 
(2) Ruby chips and sample loading 
All the loading and retrieving of pressurized products were performed under 
microscope in the glove box filled with nitrogen gas with very low content of water 
(≤1.0 ppm) and oxygen (≤ 20 ppm) using fine and clean needles. 
(3) High-pressure experiment 
High-pressure experiments were carried out using diamond anvil cell with 
diamonds having 400-μm culets. A 200-μm thick T301 stainless steel gasket was 
indented to 45 μm, where a 130 μm hole was made by spark eroding using electrical 
discharge machining. Powder samples were load into the pin hole in a glove-box filled 
with nitrogen and sealed by DAC. The pressures were increased very slowly and 
measured by the ruby fluorescence technique. 
400 μm 
400 μm 400 μm 400 μm 






In this thesis, in-situ Raman spectroscopy was applied to monitor the pressure-
induced change of ARP and/or BP in Chapter 3 to 6, and characterize hydrogen gas in 
Chapter 6. The in-situ fourier-transform infrared spectroscopy was applied to study the 
change of phosphorus-oxygen bonds under high pressure in Chapter 5. The energy 
dispersive X-ray spectroscopy was used to analyze the kinds of elements in different 
purities of ARP and correspondingly transformed BP samples discussed in Chapter 4. 
The X-ray photoelectron spectroscopy was employed to characterize surface chemical 
states phosphorus and other impure elements of both ARP and BP in Chapter 4, and 
chemical states of phosphorus (in ARP and BP) in Chapter 5. The principle of each 
spectroscopy technique is briefly discussed below with detailed experimental 
parameters used in corresponding experiments. 
2.2.1 Raman Spectroscopy 
(1) Principle 
Raman scattering of light was first postulated by Smekai in 1923 and first observed 
experimentally in 1928 by Raman and Krishnan.22-23 Raman scattering is mostly 
understood as the change in frequency for a small percentage of a monochromatic beam 
as caused by coupling between the incident radiation and vibrational energy levels of 
excited molecules. A vibrational mode of a molecule is Raman active only if its 
polarizability changes.22-23 The origin of the different frequencies found in Raman 
scattering is explained from the perspective of energy transfer between the scattering 
light and the incident radiation.22-23  
As illustrated in the Figure 2- 4, when material interacts with radiation with 
wavenumber of ν0, electrons are excited from a lower energy level to an upper energy 
level. In the Stokes Raman scattering, the energy of the whole system is conserved by 
the absorption of the incident radiation of energy hcν0 and simultaneously emission 





ν0−νM. Alternatively, in the anti-Stokes Raman scattering the interaction of the radiation 
with the sample material may cause a downward transition in terms of energy level, 
emitting light of higher wavenumber, ν0+νM. The intensity of anti-Stokes in contrast to 
Stokes Raman scattering decreases rapidly as the wavenumber shift increases.22-23 
 
Figure 2- 4 Diagrammatic representation of an energy transfer model of Rayleigh scattering, Stokes 
Raman and anti-Stokes Raman scattering.22-23 
(2) Experimental 
The Raman system adopted a backscattering geometry (Figure 2- 5), and the 
scattered light was dispersed using an imaging spectrograph equipped with a 1200 
lines/mm grating, achieving a resolution of 0.20 cm-1. The Raman signal was then 
recorded using an ultrasensitive liquid-nitrogen-cooled, back-illuminated CCD detector 
from Acton. The 532 nm laser was used as an exciting source. The laser beam was 
focused onto a spot with diameter of approximately 5 μm using an objective microscope 
with a magnification of 50×. The Raman band of the silicon wafer at 520.7 cm-1 was 
used to calibrate the spectrometer. Data acquisition was two times 10-s accumulations 






Figure 2- 5 Schematic diagram of the backscattering Raman system. 
2.2.2 Fourier-Transform Infrared Spectroscopy 
(1) Principle 
Fourier-transform infrared spectroscopy (FTIR) is effective to determine of 
functional groups of a material because different functional groups absorb different 
particular frequencies of infrared radiation, giving a characteristic spectrum. A 
molecule can absorb infrared radiation in three main processes, i.e., rotational transition, 
vibrational transition and electronic transition, as illustrated in Figure 2- 6.22-23 The 
criterion for infrared absorption is the net variation of dipole moment in a molecule of 
the material when it vibrates or rotates, which is determined by the magnitude of the 






Figure 2- 6 Energy levels for a molecule and possible transitions. (A) rotational transitions, (B) rotational 
and vibrational transitions, (C) rotational-vibrational-electronic transitions.22-23 
(2) Experiment 
A commercial Fourier transform infrared (FTIR) spectrometer from Bruker Optics 
Inc. (model Vertex 80v) equipped with a Globar IR light source constituted the main 
component of the micro-FTIR system (Figure 2- 7). 
 





2.2.3 Energy Dispersive X-ray Spectroscopy 
(1) Principle 
Energy dispersive X-ray spectroscopy (EDS) is a routine chemical microanalysis 
technique commonly used in conjunction with scanning electron microscopy (SEM). 
Bombarded by the incident electron beam, core shell electrons are ejected from atoms 
on the surface of sample material, and the resulting electron vacancies are filled by 
electrons from outer shells, and simultaneously emitted X-ray, as schematically 
illustrated in the Figure 2- 8.24-25 These emitted X-rays are measured in term of the 
relative abundance versus energy. 
 
Figure 2- 8 X-ray generation process: (1) The energy transferred to the atomic electron knocks it off 
leaving behind a hole; (2) Its position is filled by another electron from a higher energy shell and the 
characteristic X-ray is released.24-25 
(2) Experiment 
The SEM-EDS elemental mappings were acquired on ZEISS SUPRA 55-48-19. 
and transmission electron microscopy energy-dispersive X-ray spectroscopy (TEM-
EDS) element mappings were carried out on a FEI Tecnai F20 S-TIWN transmission 






2.2.4 X-ray Photoeelectron Spectroscopy 
(1) Principle 
X-ray photoelectron spectroscopy (XPS) was developed in the 1960s by Kai 
Siegbahn who won the Nobel Prize in physics in 1981.26-27 XPS is a commonly used 
surface characterization technique that can analyze the surface of sample material to a 
depth in the range of 2 to 5 nm, revealing presented chemical states of elements. XPS 
can detect almost all of elements in the period table except hydrogen and helium.  
When an X-ray photon impinges into the sample surface, the energy is adsorbed 
completely by the electronic cloud of the atoms in material, as illustrated in the Figure 
2- 9.26-27 If the photon energy is high enough, the ionization of sample material takes 
place and ejects photoelectrons following the Einstein equation. The binding energy of 
internal core electrons is characteristic of the atom and the electronic level.26-27 
 
Figure 2- 9 A scheme diagram of the main principle of XPS.26-27 
(2) Experiment 
XPS spectra were measured using a monochromatized Al Kα source (1486.7 eV) 







In this thesis, the scanning electron microscopy was applied to characterize the 
morphology of ARP and BP samples discussed in Chapter 4, 5, and 6. Transmission 
electron microscopy (TEM) was applied to study the structure of APR and BP in 
Chapter 3 and the BP-ARP heterostructure in Chapter 6. The fundamental principles of 
these microscopic methods are briefly discussed below, along with instrumental 
information applied in the chapters. 
2.3.1 Scanning Electron Microscopy 
(1) Principle 
In the scanning electron microscope, the interaction between the sample material 
and incident high-energy beam of electrons produces secondary electrons, 
backscattered electrons, and characteristic X-rays, as illustrated in the Figure 2- 10.28 
These signals are collected by detectors, producing different types of electron images 
of the material. The two most common images are produced by the secondary electron 
and the backscattered electron. The secondary electron is useful in imaging fracture 
surfaces at a high resolution. The backscattered electron is dependent on the atomic 






Figure 2- 10 Schematic illustration of electron-mater interaction in SEM.28 
(2) Experimental 
A Hitachi S-4800 field-emission scanning electron microscope were used to 
characterize the morphologies of the samples. 
2.3.2 Transmission Electron Microscopy 
(1) Principle 
As illustrated in the Figure 2- 11, an electron source produces a stream of electrons 
which is accelerated towards the specimen by electrical field. This electron stream is 
then focused by metal apertures and magnetic lenses, and then turns into a 
monochromatic beam.29 When the beam strikes the specimen, a part of the beam gets 
transmitted through and is again focused by another set of lenses to produce an image, 
which is enlarged by the intermediate and projector lenses.29 The darker areas of the 






Figure 2- 11 The schematic outline of a TEM.29 
(2) Experimental 
The structure of high-pressure transition product was characterized using TEM 
(FEI Tecnai G2 F20 S-TIWN) operated at 200 kV. The reclaimed samples were 
retrieved from the DAC in a glove box filled with nitrogen. Then they were dispersed 
in anhydrous ethanol and drop cast onto TEM grid. After being dried by an infrared 
heater, the grid was transferred into the sample chamber as quickly as possible to 
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Pressure-Induced Crystallization of 
Amorphous Red Phosphorus 
Reprinted with permission from Chem. Comm. 2019, 55 (56), 8094-8097, with minor formatting 
changes to maintain consistency throughout the thesis. 
3.1 Introduction 
Black phosphorus (BP) is an emerging member in the family of 2D 
materials. It has been increasingly studied in many applications such as 
transistors, batteries, solar cells, photodetectors, thermoelectric applications, and 
photocatalysts, due to its attractive properties, such as a moderate band gap 
energy (0.3-2.0 eV), a high carrier mobility and a strong in-plane anisotropy.1-9 
Pressure not only facilitates the synthesis of BP as summarized in Table 3- 1,3, 6-
7 but also plays a highly efficient role in tuning the structures and properties of 
BP. 
At ambient conditions, BP crystalizes into an orthorhombic lattice (space 
group Cmce, Z=8)10 with a graphene-like but puckered layer structure. It 
undergoes two reversible structural transitions when subject to compression to 
60 GPa at room temperature.10 The first phase transition takes place at about 5.5 
GPa, from orthorhombic to rhombohedral (space group R3̅m, Z=2)10 structure. 
At 10 GPa the second phase transition occurs from rhombohedral to simple-cubic 
phase (space group Pm3̅m, Z=1)10 with non-layered metallic structure. From 
synthsis point of view, the structures of ARP under pressure have also been 
extensively investigated by Raman spectroscopy and in-situ X-ray diffraction.11-
13 Under ambient conditions, ARP is a medium-range-order semiconductor12 
consisting of various subunits in a polymeric network. These subunits exist in 





pyramidal structures linked by chains of P atoms12, P2 connected P8 and P9 cages 
as in type IV and V crystalline red phosphorus7, 14 (Figure 3- 2c), and other 
different units in type II crystalline red phosphorus.15-16 (Figure 3-1) These 
structures can be substantially altered upon compression, including the change 
of average P-P-P angles12 and dramatic volume collapse that ultimately leads to 
the formation of crystalline BP.10, 13  
Despite the extensive high-pressure studies on both BP and ARP that 
established various high-pressure polymorphic structures, the nature of the 
pressure-induced crystallization from ARP to BP remains unclear. Studying 
amorphous-to-crystalline structural evolution is of fundamental importance. We 
use time-dependent in-situ Raman spectroscopy combined with high-resolution 
transmission electron microscopy (TEM) to characterize the crystallization 
process from ARP to BP. Our data provide new crystallization kinetics and reveal 
the untraditional growth mechanism involving stress-driven structural 
rearrangement and oriented attachment. This work provides additional insight 
into understanding the ARP to BP transformation process. 
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ARP (>99.99%) was purchased from Sigma-Aldrich and used without further 
purification. 
3.2.2 High-Pressure Experiment 
Descriptions of high pressure setup, sample loading, and pressure calibration can 
be found in the section 2.1 in Chapter 2. In this particular experiment, the stainless steel 
gasket was pre-indented to a thickness of about 45 µm. An aperture with a diameter of 
about 150 µm was drilled at the center of the indented gasket. Samples were all 
compressed up to pressure of about 7.5 GPa. All sample loading and retrieving are 
performed in the nitrogen-filled glovebox. 
3.2.3 Characterizations 
In-situ Raman spectroscopy (refer to the section 2.2.1 in Chapter 2) was applied 
to monitor pressure-induced phase transitions of samples. In the Raman system the 
scattered light was dispersed using an imaging spectrograph equipped with a 1200 
lines/mm grating, achieving a resolution of about 0.2 cm–1. The 532 nm laser was 
used as an exciting source. The laser beam was focused onto a spot with the diameter 
of approximately 5 μm using an objective microscope with a magnification of 50×. 
The Raman band of the silicon wafer at 520.7 cm-1 was used to calibrate the 
spectrometer. Data acquisition was five times of 10s accumulations. 
High-resolution transmission electron microscopy (refer to the section 2.3.2 in 
Chapter 2) was carried out on a FEI Tecnai F20 S-TIWN transmission electron 







3.3 Results and Discussion 
3.3.1 High-Pressure Raman Spectroscopy 
At room temperature, previous studies suggest the ARP can transform into BP in 
the pressure range from 5.5 to 8.0 GPa, and there are three polymorphisms of BP under 
pressures below 60 GPa.10-11, 13, 36 Their structural models are shown in Figure 3-1. 
Therefore, we monitored the transition process by compressing ARP in a diamond anvil 
cell using in-situ Raman spectroscopy with selected spectra shown in Figure 3- 2. These 
phase transitions are illustrated in a schematic diagram (Figure 3-3).  
 
Figure 3- 1 Structure models of black phosphorus in A17, A7 and simple cubic phases, and phosphorus 
nanorods of type II crystalline red phosphorus. 
At low pressure (e.g., 0.07 GPa), the Raman profile shows characteristic ARP 
bands. For instance, the peak at 352 cm-1 is assigned to B fundamental mode, whereas 
the doublets at 389-399 cm-1 and 454-462 cm-1 are associated with an A1 symmetric 
stretch motion and E degenerate mode, respectively.13 Peaks centered below 400 cm-1 
are related to the P8 and P9 structures, while the small peak at 598 cm
-1 is the A1 
symmetric stretch of the P4 structure (Figure 3- 2c).
13  
Although all Raman active modes were weakened as the pressure increased up to 
3.00 GPa as the result of band gap closing12 and deformation of structural subunits by 





Among all Raman-active modes, the B mode shows the largest redshift but less than  
3 cm-1/GPa, suggesting thunder pressure has little influence on the local bonds. The 
redshift of B mode was believed to be associated with the decrease of vibrational 
interaction between subunits during volume contraction under high pressure.12 
Subsequent compression to pressure higher than 3.00 GPa can force connected P3 
and/or P4 subunits to separate.
12  
Above 5 GPa, indeed, these deformed chain-linked subunits stiffen significantly 
as suggested by the broad Raman profiles until crystallization at 7.13 GPa into the 
rhombohedral phase of BP, evidenced by observation of the two weak Raman peaks at 
290 cm-1 and 378 cm-1 labeled by black diamonds (Figure 3- 2a).11 These two peaks 
became more prominent upon further compression up to 7.50 GPa, suggesting the 
increased crystallinity of the rhombohedral phase.  
When the pressure is relieved, the rhombohedral phase transforms into the 
orthorhombic phase evidenced by three sharp peaks observed in the Raman spectrum 
of the recovered sample (Figure 3- 2a).11, 13 This observation is consistent with previous 
researches where the phase transition is reversible upon compression and 
decompression.10, 13, 37 In the transition region, these two crystalline phases of BP are 
composed of different six-membered rings (Figure 3- 2d), and they coexist at the 
pressure range from about 5 GPa and to 7.5 GPa,13, 37 which coincidently overlaps with 
the crystallization of ARP to BP in rhombohedral phase. 
To deconvolute this complexity to reveal the origin of crystallization of ARP to BP, 
we focused on the pressure region between 6.78 GPa and 7.13 GPa by performing time-
dependent Raman spectroscopy. Specifically, additional high-pressure experiments 
were carried out by setting the maximum compressing pressure at 6.76 GPa followed 
by Raman measurement as a function of time. As shown in Figure 3- 2b and illustrated 
in the schematic diagram (Figure 3- 3b), the spectrum at this pressure presents no 
features of either ARP or BP in the first 24 hours. After 36 hours, two new broad peaks 
(labeled by black diamonds) centered at 290 cm-1 and 378 cm-1 appeared, corresponding 
to the A1g and Eg modes, respectively, of the rhombohedral phase of BP.
11 As the 





is compared with the phase under 7.5 GPa, showing in Raman spectra of Figure 3- 2a. 
These results suggest that the crystallization kinetics of ARP is sluggish at 6.76 GPa 
but can be accelerated at higher pressures as demonstrated by the regular Raman 
measurements as a function of pressure in this study. On the other hand, however, the 
slow crystallization process of ARP at this pressure allows the detailed studies of the 
transition process from the nanostructure perspective by pressure quenching as 
discussed below. 
 
Figure 3- 2 (a) In-situ high-pressure Raman spectra of compression up to7.50 GPa and decompression at 
0.13 GPa. At 7.13 GPa two new weak and broad peaks, labeled by black diamonds, suggest the formation 
of crystalline BP in rhombohedral phase. (b) The time-dependent Raman spectrum of compressed ARP 
at the pressure of 6.76 GPa for 0, 16, 24, 36, and 71 hours. The two small and broad peaks (labeled with 
black diamonds) centered at 290 cm-1 and 378 cm-1, respectively, appear at 36 and 71 hours, indicating 
the rhombohedral phase of BP as in (a) at a pressure above 7 GPa. (c) P3, P4, P2 and P9 subunits of ARP, 






Figure 3- 3 Schematic diagrams of (a) structural transitions under compression and decompression with 







Figure 3- 4 The pressure dependency of peak shifts of ARP in the region of 200-600 cm-1. Derivative 
values of Raman shifts as function of pressure with linear fitting for each peak are listed in the graph. 
Apparently, B peak shows the largest Raman shifts under pressure. 
3.3.2 Microstructure, Nucleation and Growth Mechanism 
Correspondingly, an extra ARP sample was pressurized at 6.76 GPa for 36 hours, 
then reclaimed and prepared for TEM characterizations, as shown in the low 
magnification TEM image in Figure 3- 5. As shown in Figure 3- 6a, the small crystalline 
domains are consistent with the partial crystallization of ARP observed in Raman 
measurements. These domains are less than 5 nm in diameter on average and thus 
suggest the initiation of nucleation at the fixed pressure of 6.76 GPa. The nucleation 
sites (Figure 3- 6b) exhibit oriented lattices, with lattice fringes of 2.1 Å corresponding 
to (131) plane of the orthorhombic phase of BP. However, the atomic arrangement in 
the nucleation site is structurally inferior to either few-layer BP38 or BP quantum dots39. 
In particular, some sites exhibit similar lattice fringes but different orientations (Figure 





3- 7). In addition to the well-developed crystalline nucleation sites, some small domains 
are characterized by partially ordered atomic arrays but amorphous in nature (Figure 3- 
6a). As shown in the highlighted area in Figure 3- 6d, such domains are believed to be 
the precursors of the nucleation sites. That is, upon further compression or longer 
dwelling time at this pressure, these quasi lattices are expected to transform into the 
corresponding crystalline lattices completely. 
 
Figure 3- 5 The low magnification TEM image of reclaimed sample compressed to a fixed pressure of 
6.76 GPa after dwelling for 36 hours. A fraction of the recovered material was directly drop casted on to 






Figure 3- 6 TEM images of structures of nucleation sites in the reclaimed sample of pressurized for 36 
hours at 6.76 GPa. (a) multiple nucleation sites distributed in ARP matrix as the result of pressure-induced 
nucleation. The red, yellow and blue squares marked area are shown in (b), (c) and (d), respectively in 
detail. In (b) and (c), two crystallization domains show similar lattice fringes of 0.21 nm and 0.22 nm 
corresponding to [131] and [002] planes of orthorhombic phases, respectively. (d) The atomic order in 
the area highlighted by dashed pink line shows the very beginning of lattice formation. At the edge of (c) 
and in (d), structures of subunits are clearly different from that of amorphous matrix, indicating atomic 







Figure 3- 7 Twinning crystal formed under high pressure. The crystalline region features well-defined 
lattice, which is surrounded by amorphous structures of phosphorus. However, this crystalline region is 
divided by areas characterized by either different lattice fringes or orientations of atomic planes. The 
lattice fringes of 0.34 and 0.53 nm correspond to (021) and (020) plane, respectively. 
 
Figure 3- 8 Atomic model for the twinning crystal in Figure 3- 7. The dark golden and green colored 





For the formation of the nucleation sites from ARP, the driving force can be 
understood from both macroscopic and microscopic models. Macroscopically, 
homogeneous nucleation process in the amorphous matrix can be described by 
the Gibbs free energy change of the system40 
𝛥𝐺 (𝑇, 𝑃) =
(1/6)𝜋𝑑3
𝑉𝑐
(𝛥𝐺𝑎𝑚→𝑐 + 𝐸) + 𝜋𝑑2𝜎 + 𝑃𝛥𝑉 
where d is the diameter of a crystalline nucleus, 𝛥𝐺𝑎𝑚→𝑐 is the molar free energy 
change for amorphous to crystalline transformation, σ is the free energy increase for 
forming the unit area of crystalline/amorphous interface, 𝑉𝑐 is the molar volume of 
crystalline phase, ∆V is the volume change during the formation of the crystal nucleus, 
and 𝐸 is the elastic energy induced by the volume change. Generally, E can be omitted 
because of its minor impact on the free energy change during the nucleation.40 
Considering minor pressure dependence of other terms, it can be deduced that the 
volume change due to applied pressure constitutes the governing factor in nucleation. 
Indeed, previous experiment suggested that the transformation of amorphous to 
rhombohedral phase is accompanied by a substantial volume collapse of at least 
10%.13Microscopically, structural rearrangement of subunit in favor of the formation of 
P6 configuration must occur concurrently with the pressure-induced nucleation process. 
In particular, Zaug et al. showed that structural rearrangement occurred prior to 
crystallization via the reduction of the average P-P-P angle of ARP upon compression.12 
As a result, structural rearrangement involving the change of bond angles and 
reorientations of the subunits allows the emergence of quasi lattices (Figure 3- 6d) 
which subsequently transform into lattice (Figure 3- 6b and c). Ideally, these processes 
involving structural evolution of short- and intermediate-range subunits can be better 







Figure 3- 9 TEM images of structures of crystalline-amorphous hybrid and crystallite in the reclaimed 
sample pressurized for 36 hours at 6.76 GPa. (a) The dotted blue and red lines indicate the boundaries 
among three regions: amorphous (region I), crystalline (region II), and intermediate (region III). (b) An 
assembly of rearranged subunits (highlighted by dashed yellow square) attaches onto the {100} 
crystalline plane during the crystal growth. In both (a) and (b), the lattice fringes are 0.26 nm and 0.34 
nm, corresponding to (040) and (021) planes, respectively. (c) The formed crystallite shows apparent 
lattices of (040) and (020) planes, corresponding to lattice fringes of 0.26 nm and 0.53 nm, respectively. 
Missing atoms in (040) planes were found in areas labeled by blue square compared to area in red square. 
The inset shows selected area electron diffraction (SEAD) pattern. (d) An intensity profile was scanned 
along line from A to B. (e) structure model with lattice planes of (040) and (021) in brown and dark green 





Upon successful nucleation, subsequent crystalline growth is the other 
important step for the effective conversion of ARP to BP. During the growth 
process, crystalline domains expand into the amorphous matrix, where the 
crystalline/amorphous interface provides rich information about the growth 
mechanism. As shown in a representative TEM image (Figure 3- 9a), three 
distinctive regions with different degree of ordered structures can be observed, 
i.e., the amorphous region(I), crystalline region (II), and an intermediate region 
(III). The amorphous region features completely disordered structures (Figure 3- 
10), whereas the crystalline region can be characterized by the well-defined 
lattice fringes of 0.34 nm and 0.26 nm, corresponding to (040) and (021) planes 
of orthorhombic phase, respectively. Interestingly, the intermediate phase is 
amorphous in nature (Figure 3- 11). The formation of intermediate phase region 
can be understood from the deviatoric stress-driven re-orientation of the 
nanocrystalline domains41. Under the uniaxial compression condition, 
anisotropic stress strongly facilitates the rearranged subunits to align along a 
commonly preferred crystallographic orientations coalescing neighbor subunits, 
distinguishing the semi-ordered structures from the remaining amorphous 
domains, forming the I-III boundary. However, their orientations might be 
slightly different from the (040) and (021) crystalline planes in the well-
developed crystalline region (II). Upon further stress, oriented attachment via the 
energetically favorably facets (040 and 021 in this case) is expected to promote 
the expansion of crystalline region II into the intermediate region III. Such stress-
induced oriented attachment model is further manifested on different crystal 
planes, e.g., {100} planes as shown in Figure 3- 9b. A few rearranged subunits 
(dashed square region) with matching local lattice are preferentially attached on 







Figure 3- 10 TEM image of structures of reclaimed ARP. As observed in the image, neither lattice nor 
long range ordered structure units is in this sample, suggesting the amorphous nature and no sign of 
crystallization when compressed under pressure below the crystallization pressure threshold. 
Overall, this crystal growth mechanism is different from conventional 
crystallization theory, 41 where the crystal growth is described by ion-by-ion attachment 
which is often limited by diffusion and other constraints. Such oriented attachment 
mechanism has been proposed to interpret the pressure-induced crystalline growth from 
nanoparticles, analogous to our study here. 41-44 Under this model, rearranged subunits 
with matching crystallographic orientations of the crystalline phase will be bridged in 
priority under applied stress. As a result, other subunits with mismatching 
crystallographic orientations will highly likely give rise to the defects such as vacancies. 
Indeed, careful examination of formed crystalline planes under TEM shows that amount 
of atomic vacancies has been formed on the crystalline surface as shown in Figure 3- 
9c. As can be seen, the normal lattice in the red box features (040) and (020) planes, 





3- 9d) scanned along the dashed yellow line AB in Figure 3- 9c shows the distribution 
of lattice fringes of 0.53 Å and 0.26 Å, indicating substantial atomic vacancies, 
consistent with the oriented attachment model. These atomic vacancies were also 
illustrated in the atomic model as shown in Figure 3- 12. 
 
Figure 3- 11 TEM image of structure of intermediate phase. The inset shows (fast Fourier transform) FFT 






Figure 3- 12 Structure model for illustrating the atomic vacancies. Pale yellow colored spheres represent 





























In summary, we studied the crystallization from ARP to BP using Raman 
spectroscopy and TEM. Raman results show that crystallization has pressure-dependent 
slow crystallization kinetics. The partially crystallized samples quenched from 6.8 GPa 
allow detailed morphology and structural analysis using TEM.  At the pressure-
threshold of crystallization, nucleation from amorphous matrix is driven by pressure-
induced volume collapse and structural rearrangement of the subunits. TEM images 
show three representative regions of different order. The intermediate phase is 
amorphous in nature but can undergo a facile conversion into the high-pressure phase 
of BP via oriented attachment. This unconventional crystallization mechanism is 
correlated with stress-driven structural rearrangement and re-orientation from 
nanocrystalline nucleation sites. Our findings elucidate the crystallization process of 
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Convert Low Cost Impure Amorphous Red 
Phosphorus to Black Phosphorus by High 
Pressure 
4.1 Introduction 
Black phosphorus (BP) is an emerging two-dimensional material in many 
applications, such as transistors, batteries, solar cells, photodetectors, thermoelectric 
applications, photocatalysts, and biomedical applications.1-11 These applications are 
attributed to the unique properties of BP, for instance, a moderate band gap energy (0.3-
2.0 eV), a high carrier mobility and a strong in-plane anisotropy.1-2, 4 BP was first 
synthesized by Percy W. Bridgman who subjected white phosphorus at 200 ℃ and 1.2 
GPa for half an hour.12-14 Later, this material was prepared using ARP at either 1 GPa 
and temperature range of 550 to 1000 ℃,15-17 or about 7 GPa and room temperature.18 
Under high pressure and at room temperature, ARP will crystallize into rhombohedral 
BP (space group Cmce, Z=8) at high pressure 18-20 and transform into simple cubic BP 
(space group R3̅m, Z=2) when the applied pressure is above 10 GPa,18, 20 but these two 
high-pressure phases all change into orthorhombic BP (space group Pm3̅m, Z=1) when 
applied stress is relieved.18, 20 Recently ARP has been largely adapted as a raw material 
to produce BP by mineralizer-assisted chemical vapor transportation reactions21-22, 
high-energy mechanical milling,23-25 and hydrothermal reactions.26-27 Large scale 
synthesis and degradation are two most challenging issues of BP.1-8, 11, 28-32 Much 
progress have been made in understanding mechanisms33-40 and taking measures41-49 to 
improve the stability of few-layer BP, whereas less work has been done on improving 
the scale-up synthesis of BP promote both exploration and application of this promising 
material. 





white phosphorus which is produced through sintering of mineral phosphate rocks.31 
Therefore, the purity of ARP is directly related to that of white phosphorus. Considering 
the high reactivity and toxicity of white phosphorus, red phosphorus is a more ideal 
source for the synthesis of BP. However, conventional methods for its purification, such 
as vacuum distillation, liquid–liquid extraction, fractional distillation, mixing and 
extraction, phase separation, and oxidation, all require high energy consumption and 
high risk of causing environmental pollution,50 and hence raising the cost of ultrapure 
red phosphorus (99.999% and above) and eventually converted BP product. 
The impurities in products can be beneficial in property modifications. The 
impurity doping effects have been found in many functional nanomaterials.51 The first 
n-type semiconducting BP was synthesized from red phosphorus at 550 ℃ and 1 GPa 
as the result of Te impurity doping.15-16 The Te-doped BP has been proved to enhance 
the air stability of few‐layer BP without compromising its high mobility52 and 
electrochemical OER performance53. Recently, Mayorga-Martinez et al. showed that 
BP prepared by vapor phase growth with gold/tin alloy-like solvent contained a small 
amount of metallic impurities, such as Ni and Fe elements.30 The Ni-impurities 
modified the voltammetric character of BP by contributing extra redox activities, 
meanwhile the Fe-impurity slightly improved its hydrogen evolution reaction activity.30 
Another effect of impurity is the ability to interfere with the synthesis process of 
materials and final products. The oxide impurity, B2O3, contained in amorphous BN 
was found to facilitate the transformation to cubic BN.54 A common impurity, 1-
methylimidazole, in imidazole-base ionic liquids was proven to enhance the stability 
and activity of Au nanoparticles within.55 The phosphorus-containing impurities in 
commercial tri-n-octylphosphine oxide were demonstrated to dramatically assist the 
growth of CdSe nanocrystals.56 The nitrogen impurity can alter the crystallization paths 
and result in changes in morphology and crystalline perfection of diamond crystals.57 
Therefore, it is intriguing to investigate the conversion process of low purity but 
economic ARP, which can promote the development of the synthesis of BP. 
In this work, different purities of ARP (97% and 99.99%) were used as raw 





confirmed by Raman spectroscopy and XPS. The impurity analysis by EDS suggested 
that different types of metal elements existed in ARP samples and remained in the as-
transformed BP samples. Since no evidence of phosphorus-metal element bonding was 
supported on XPS, we proposed that these metal element impurities are interstitial 
impurities in both ARP and BP. With the uncompromised bonding characteristics of 
phosphorus atoms, the pressure-induced crystallization of phosphorus was not altered 
by impurities. However, the presence of impurities and their amount did moderate the 
onset pressures for the pressure-induced crystallization of two ARP samples. 
4.2 Experiments 
4.2.1 Material  
The ARP materials of 97% and 99.99% purity were ordered form Sigma-Aldrich 
were used without further purifications.  
4.2.2 High-Pressure Experiment  
Descriptions of high pressure setup, sample loading, and pressure calibration can 
be found in the section 2.1 in Chapter 2. In this particular experiment, the stainless steel 
gasket was pre-indented to a thickness of about 45 µm. An aperture with a diameter of 
about 150 µm was drilled at the center of the indented gasket. Different purities of 
samples were all compressed up to pressure of about 11.3 GPa and decompressed to 
pressure of about 0.5 GPa. All sample loading and retrieving are performed in the 
nitrogen-filled glovebox. 
4.2.3 Characterizations 
In-situ Raman spectroscopy (refer to the section 2.2.1 in Chapter 2) was applied to 
monitor pressure-induced phase transitions. In the Raman system the scattered light 





achieving a resolution of about 0.2 cm–1. The 532 nm laser was used as an exciting 
source. The laser beam was focused onto a spot with the diameter of approximately 5 
μm using an objective microscope with a magnification of 50×. The Raman band of the 
silicon wafer at 520.7 cm-1 was used to calibrate the spectrometer. Data acquisition was 
two times 30s accumulations. 
Both ARP samples of different purities and the pressure-transformed BP samples were 
analyzed by SEM-EDS elemental mappings ((refer to section 2.2.3 and 2.3.1in Chapter 
2)), using ZEISS SUPRA 55-48-19. 
XPS ((refer to the section 2.2.4 in Chapter 2)) spectra of ARP samples and as-made BP 
samples were acquired using a monochromatized Al Kα source (1486.7 eV) with an 
SSI S-Probe XPS Spectrometer. 
Transmission electron microscopy energy-dispersive X-ray spectroscopy (TEM-EDS) 
element mappings (refer to section 2.2.3 and 2.3.2 in Chapter 2) of as-made BP samples 
were carried out on a FEI Tecnai F20 S-TIWN transmission electron microscope with 
voltage of 200 kV. 
4.3 Results and Discussion 
4.3.1 High-Pressure Raman spectroscopy 
When different purities of ARP samples (97% and 99.99%) were pressurized up 
to 11.3 GPa and recovered at about 0.2 GP, same phase transitions took place as shown 
in the in-situ Raman spectra (Figure 4-1). The Raman spectra in both the recovered BP 
samples show three characteristic sharp peaks at 357.3, 429.5 and 457.4 cm-1 (Figure 
4-1b), which are assigned to 𝐴𝑔
1 , 𝐵2𝑔 and 𝐴𝑔
2 , respectively.18-19, 33, 58-59 These results 
implied a pressure-driven crystallization of ARP regardless of the impurities within, as 






Figure 4- 1 Raman spectra of different purities of ARP (97% and 99.99%) and as-made BP using high-
pressure method. 
 
Figure 4- 2 Schematic diagram illustrates that the BP can be transformed by the pressure-driven 
crystallization of ARP regardless of existing impurities. 
4.3.2 Elemental Analyses 
The kinds and distribution of impure elements in the two ARP samples with 
different purities were analyzed using SEM-EDS mapping. The 97% purity ARP 
sample contains impure elements of O, Fe, Na, Si, Al other than phosphorus (Figure 4-
3), while the 99.99% purity ARP sample of has impure elements of O, Na, Si, Al (Figure 
4-4). When ARP samples were crystallized under high pressure,18-19, 60 the impure 
elements in both as-made BP samples were also analyzed using SEM-EDS mapping 
(Figure 4-5 and Figure 4-6), suggesting that all impure elements in ARP precursors 






Figure 4- 3 SEM-EDS elemental mapping of 97% purity ARP. (a) SEM image of 97% purity ARP. 
Elemental mapping of (b) P, (c) O, (d) Na, (e) Fe, (f) Si, (g) Al and (h) Mn. (i) The EDS spectra of all 






Figure 4- 4 SEM-EDS elemental mapping of 99.99% purity ARP. (a) SEM image of 99.99% purity ARP. 






Figure 4- 5 SEM-EDS elemental mapping of BP transformed by high pressure using 97% purity ARP. (a) 
SEM image of transformed BP using 97% purity ARP by pressure. Elemental mapping of (b) P, (c) O, 






Figure 4- 6 SEM-EDS elemental mapping of BP transformed by high pressure using 99.99% purity ARP. 
(a) SEM image of transformed BP using 99.99% purity ARP by pressure. Elemental mapping of (b) P, 
(c) O, (d) Na, and (e) Si. (f) the EDS spectra of all elements in the sample. 
The distribution of impurities in both as-made BP samples are further 
characterized using TEM-EDS. As shown in Figure 4-7, the distribution of impure 
elements is not uniform in nanometer scales for both cases. Metal elements such as Fe, 
Na, and Ca are found in BP transformed from 97% purity ARP, and Fe and Na are 
concentrated on some small areas, shown in panel (a) of Figure 4-7 and Figure 4-8. 
Whereas, no metal elements are detected in some area of BP materials transformed from 
99.99% purity ARP, as shown in panel (b) of Figure 4-7 and Figure 4-9. These results 
imply that the distribution of impurities in not uniform, especially for metal element in 
quite low concentration as Ca, and they are possibly dispensed between the layers of 
transform BP crystals, as illustrated in the schematic diagram shown in Figure 4-10. In 
order to investigate these assumptions, X-ray photoelectron spectroscopy (XPS) was 
applied to investigate the chemical state of phosphorus in both ARP precursors and as-






Figure 4- 7 TEM-EDS elemental mappings of transformed BP from 97% purity ARP in panel (a) and 
99.99% purity ARP in panel (b). The first image of each panel shows the dark filed image of the sample. 
The impurities in samples can be attributed to metal oxides or phosphorus oxides. The scale bars are 5 
nm in all images. 
 
Figure 4- 8 TEM-EDS spectrum of as-made BP from 97% purity ARP. Note that EDS signals of C and 
































Table 4- 1 Weight% and Atomic% of each element in the TEM-EDS spectrum of as-made BP from 97% 
purity ARP. 
Element Weight% Atomic% 
O 13.57 23.51 
Na 1.75 2.11 
P 80.56 72.09 
Ca 1.27 0.88 
Fe 2.86 1.41 
 
Figure 4- 9 TEM-EDS spectrum of as-made BP from 99.99% purity ARP. Note that EDS signals of C 
and Cu are from the TEM grid. 
Table 4- 2 Weight% and Atomic% of Oxygen and Phosphorus in the TEM-EDS spectrum of as-made BP 
from 99.99% purity ARP. 
Element Weight% Atomic% 
O 12.04 20.57 






Figure 4- 10 Schematic diagram illustrates impurities possibly distributed in as-made BP in places 
between layers of BP structure. 
4.3.3 Mechanism of Impurity-Independent Crystallization 
 
Figure 4- 11 XPS spectra of ARP with different purities. The survey spectra of (a) 97% purity and (b) 
99.99% purity ARP samples. The P 2p peaks of (c) 97% purity and (d) 99.99% purity ARP samples. 
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Figure 4- 12 XPS survey spectrum of the tap used to fix samples. 
The XPS survey spectra of ARP samples of different purities (Figure 4-11a and b) 
exhibit peaks assigned to O 1s, C 1s, P 2s, P 2p, and Si 2p. The carbon, silicon and part 
of oxygen can be traced to the tape used to fix samples (Figure 4-12). However, no peak 
can be assigned to phosphorus-metal bond, suggesting lacking metal phosphide in all 
ARP samples. The P 2p XPS spectra of ARP samples (Figure 4-11c and d) show broad 
peaks centered at about 134 eV, indicating considerable large amount of P5+ atoms of 
phosphate.61-62  
After pressure-driven transformation, the XPS survey spectra of as-made BP 
samples, as shown in Figure 4-13 (a) and (b), imply no chemical bonding between 
phosphorus and metal elements. The P 2p XPS core-level spectra of BP in Figure 4-13 
(c) and (d) demonstrate three peaks from different sources. The peaks at 129.8 eV and 
130.7 eV are attributed to P 2p1/2 and P 2p3/2, respectively of elemental phosphorus in 
BP, whereas the peak at 134 eV is ascribed to PxOy species.
63-65 The relatively high 
percentages of PxOy could be traced back to the considerable large amount of PxOy in 
the ARP precursors, which is supported by the in-situ Raman spectra of transformed BP 
(Figure 4-1b). The intensity ratios of 𝐴𝑔
1  and 𝐴𝑔
2  for both BP samples are larger than 
0.6, suggesting no oxidation of pressure transformed BP samples.33, 64 In addition, BP 





can be easily oxidized in the atmosphere33, 63, hence unavoidable exposure can 
contribute to supplemental amount of PxOy during sample storage and transfer. Based 
on the XPS analyses, we propose that the metal containing impurities in ARP precursors 
were distributed between chains of various structural subunits of ARP7, 19 without any 
chemical bond to the phosphorus atoms. After phase transitions under high pressure, 
these metal-containing impurities remained without establishing any chemical 
interaction with phosphorus atom of BP. This impurity-including BP holds potential as 
anode material for lithium-, sodium- and potassium-ion batteries, considering the two-
step reaction mechanism of intercalation and alloying is solely dependent on BP.66-68 
 
Figure 4- 13 XPS spectra of as-made BP. The survey spectra of BP transformed from (a) 97% purity and 
(b) 99.99% purity ARP. The P 2p, 2p1/2, 2p3/2 spectra of BP transformed from (c) 97% purity and (d) 
99.99% purity ARP. 
In the perspective of chemical interactions among impurities and phosphorus, 
there are three circumstances. First, some chemical bonds could be formed with 
Binding Energy (eV) Binding Energy (eV) 





phosphorus atoms in the ARP precursors, and such bonds were reserved after the 
pressure-induced phase transition. Another possibility is that some new chemical bonds 
were formed between phosphorus atoms of BP and impurities during the phase 
transition. Lastly, the metal impurities didn’t interact chemically with phosphorus in 
neither ARP nor BP during the phase transition. Since Raman spectroscopy is a widely 
employed method in studies of phosphorus and its phase transitions under high 
pressure,18-19, 58-59 possible effects caused by including impurities can be analyzed using 
this technique. Therefore, we studied impacts of existing impurities on the pressure-
induced crystallization of ARP and pressure-driven phase transitions of subsequently 
converted BP samples up to 11 GPa, as discussed below. 
4.3.4 Effects of Impurities on High-Pressure Phase 
Transitions 
In Figure 4-14 (a) and (b), two broad Raman peaks assigned to 𝐸𝑔 and 𝐴2𝑔 of 
rhombohedral BP suggest completed crystallization under pressure 6.80 GPa and 6.88 
GPa for 97% and 99.99% purity ARP samples, respectively.58 However, the onset 
pressures of the pressure-induced crystallization are slightly different. The 
crystallization initiated at 5.66 GPa for 97% purity ARP but at 6.16 GPa for 99.99% 
purity ARP, as suggested by the weak peaks labeled by the ♦ symbol in the spectra in 
Figure 4-14 (a) and (b). The pressure-induced crystallization of ARP is initiated by the 
formation of nuclei as a results of pressure-driven structure rearrangement.19, 60 In such 
process, the nucleation work is dominated by the applied pressure, but it varies 
depending on nucleation mechanism.69-71 In contrast with homogeneous nucleation, 
heterogeneous nucleation has a higher free energy barrier to overcome and smaller 
critical nucleus size as the result of existing foreign impurity.69-71 Therefore, the small 
difference of pressures can be attributed to the role of impurities in nucleation from 
amorphous matrix. When ARP samples of different purities were pressurized to certain 
pressures, nucleation would take place as the result of the volume contraction.18 When 





homogeneously or heterogeneously. In the case of 97% purity ARP precursor, the large 
amount of impurities can provide surface for the nucleation process, giving rise to 
relatively smaller critical nucleus size and smaller nucleation barrier. To overcome such 
barrier, the applied pressure has to reach certain value to increase the size of aggregate 
to a critical value to form nucleus, following by spontaneously growth and eventually 
the crystallization of ARP to rhombohedral BP. Since the formation of BP (from both 
97% and 99.99% purity ARP materials) is not interrupted by the presence of impurities, 
chemical interactions between phosphorus, in either amorphous or black allotropes, and 
any impurity probably do not exist. 
To study the role of impurities remaining in BP, samples were pressurized up to 11 
GPa and monitored by in-situ Raman spectroscopy. The orthorhombic to rhombohedral 
transition of BP samples implied by the weakening of 𝐴𝑔
1 , 𝐵2𝑔 and 𝐴𝑔
2  modes20, 58, 72-
73 were shown in Figure 4-14 (c) and (d). This transition take place at 6.38 GPa for the 
97% purity ARP converted BP, which is higher than 6.02 GPa for the BP sample 
transformed from 99.99% purity ARP, indicating a hindering effect by impurities on the 
orthorhombic to rhombohedral transition. It has been reported that the stability pressure 
range of the titanium phases is caused by impurities which suppress the martensitic α- 
to ω-phase transformation under high pressure74, and that decreased onset pressure for 
the zinc-blende to rock-salt structural phase transition in InP with Fe impurity75. The 
increase of onset transition pressures could be due to the existence of interstitial 
impurities between layers, which would increase the energy barrier to either decreasing 
interlayer distance or forming new bonds76 between layers of orthorhombic phase. As 
recently proposed by Boulfelfel et al.,72 the orthorhombic to rhombohedral phase 
transition can be related to the pressure-induced perturbation and redistribution of 
electron lone pairs of phosphorus atoms hence leads to the reconstruction of interlayer 
bonds. Therefore, the interstitial impurities can hinder either the decrease of the 
interlayer distances or perturbation and redistribution of electron lone pairs up on 
compression, giving rise to higher onset pressure of the orthorhombic to rhombohedral 






Figure 4- 14 In-situ high-pressure Raman spectra of different purities of ARP and as-made BP under 
pressure. The 97% purity ARP and as-made BP are shown in figures of (a), (c) and (e), corresponding to 
crystallization of ARP, orthorhombic to rhombohedral BP phase transition and rhombohedral to simple 
cubic BP phase transition, respectively. The 99.99% purity ARP and as-made BP are shown in figures of 
(b), (d) and (f), corresponding to crystallization of ARP, orthorhombic to rhombohedral BP phase 






As the pressure increased to pressure above 10 GPa, another solid-phase transition 
can take place from rhombohedral to simple cubic phase,20, 58, 73, 77-78 which is suggested 
by the appearance of a moderately broad Raman peak as labeled by ♦ in both Figure 4-
14 (e) and (f). The Raman results suggest two very close onset pressures of 9.97 GPa 
and 10.15 GPa for BP samples formed by ARP of 97% and 99.99% purities, respectively. 
Considering the accuracy of our pressure calibration instrument, such trivial differences 
of the onset pressures observed by Raman spectra can be treated as equal, suggesting 
no impact on the phase transition of BP from rhombohedral to simple cubic by existing 
impurities. Such transition process has been comprehensively explained recently by 
Scelta et al.77-78 They proposed that an intermediate pseudo simple-cubic structure 
originates from a pressure-dependent competition between the s-p electron mixing and 
the electrostatic contribution. The strong s-p mixing is related to the local distortion of 
the rhombohedral structure.76, 79 Additionally, with much smaller volume change of this 
transition comparing to the previous one,18, 78 the existence of interstitial impurities do 




















Different purities of ARP (97% and 99.99%) were subject to high pressure at room 
temperature and all transformed to BP. The elements in the purities of ARP as parent 
materials and transformed BP as products were analyzed using EDS elemental mapping. 
The results suggested the existence of not uniformly distributed metal elements, oxygen, 
and possibly silicon. The chemical states of phosphorus in both parent materials and 
products were investigated using XPS, suggesting the formation of BP and chemical 
bonding with oxygen but not with any metal elements. Based on these results and the 
dramatic structural differences among polymorphisms of phosphorus, we proposed that 
the phosphorus did not chemically bond with metal elements in the impurities before 
and after compression, and that the impurities existed in an interstitial form. To support 
this idea, careful high pressure studies were performed using in-situ Raman 
spectroscopy to monitor the onset pressures of phase transitions of phosphorus up to 11 
GPa using ARP as starting materials. We found that onset pressure of crystallization of 
ARP related to the presences of impurities which triggered heterogeneous nucleation 
hence lowered pressure threshold of the process. The role of impurities in converted BP 
was further studied, which played a part in adjusting onset pressure of the orthorhombic 
to rhombohedral phase transition. Our results implied the interstitial nature of the 
impurities. Our work proved that low-purity ARP can be applied as an alternative raw 
material for the production of BP. The low-purity ARP has great advantage in cost and 
availability, which will be beneficial to the upscale production and wide applications of 












1. Ling, X.; Wang, H.; Huang, S.; Xia, F.; Dresselhaus, M. S., The Renaissance of 
Black Phosphorus. Proceedings of the National Academy of Sciences 2015, 112 (15), 
4523-4530. 
2. Liu, H.; Du, Y.; Deng, Y.; Ye, P. D., Semiconducting Black Phosphorus: Synthesis, 
Transport Properties and Electronic Applications. Chemical Society Reviews 2015, 44 
(9), 2732-2743. 
3. Batmunkh, M.; Bat-Erdene, M.; Shapter, J. G., Phosphorene and Phosphorene-
Based Materials – Prospects for Future Applications. Advanced Materials 2016, 28 (39), 
8586-8617. 
4. Carvalho, A.; Wang, M.; Zhu, X.; Rodin, A. S.; Su, H.; Castro Neto, A. H., 
Phosphorene: From Theory to Applications. Nature Reviews Materials 2016, 1, 16061. 
5. Eswaraiah, V.; Zeng, Q.; Long, Y.; Liu, Z., Black Phosphorus Nanosheets: 
Synthesis, Characterization and Applications. Small 2016, 12 (26), 3480-3502. 
6. Rahman, M. Z.; Kwong, C. W.; Davey, K.; Qiao, S. Z., 2D Phosphorene as a Water 
Splitting Photocatalyst: Fundamentals to Applications. Energy & Environmental 
Science 2016, 9 (3), 709-728. 
7. Gusmão, R.; Sofer, Z.; Pumera, M., Black Phosphorus Rediscovered: From Bulk 
Material to Monolayers. Angewandte Chemie International Edition 2017, 56 (28), 
8052-8072. 
8. Zhang, Y.; Zheng, Y.; Rui, K.; Hng, H. H.; Hippalgaonkar, K.; Xu, J.; Sun, W.; Zhu, 
J.; Yan, Q.; Huang, W., 2D Black Phosphorus for Energy Storage and Thermoelectric 
Applications. Small 2017, 13 (28), 1700661. 
9. Choi, J. R.; Yong, K. W.; Choi, J. Y.; Nilghaz, A.; Lin, Y.; Xu, J.; Lu, X., Black 
Phosphorus and its Biomedical Applications. Theranostics 2018, 8 (4), 1005-1026. 
10. Yan, J.; Verma, P.; Kuwahara, Y.; Mori, K.; Yamashita, H., Recent Progress on 
Black Phosphorus-Based Materials for Photocatalytic Water Splitting. Small Methods 
2018, 0 (0), 1800212. 





Phosphorus: Synthesis, Sodification, Properties, and Applications. Materials Science 
and Engineering: R: Reports 2017, 120, 1-33. 
12. Bridgman, P. W., Futher Note on Black Phosphorus. Journal of the American 
Chemical Society 1916, 38 (3), 609-612. 
13. Bridgman, P. W., Reversible Transitions between Solids at High Pressures. 
Physical Review 1914, 3 (6), 489-490. 
14. Bridgman, P. W., Two New Modifications of Phosphrous. Journal of the American 
Chemical Society 1914, 36 (7), 1344-1363. 
15. Endo, S.; Akahama, Y.; Terada, S.-i.; Narita, S.-i., Growth of Large Single Crystals 
of Black Phosphorus under High Pressure. Japanese Journal of Applied Physics 1982, 
21 (Part 2, No. 8), L482-L484. 
16. Akahama, Y.; Endo, S.; Narita, S.-i., Electrical Properties of Black Phosphorus 
Single Crystals. Journal of the Physical Society of Japan 1983, 52 (6), 2148-2155. 
17. Li, L.; Yu, Y.; Ye, G. J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X. H.; Zhang, Y., 
Black Phosphorus Field-effect Transistors. Nature Nanotechnology 2014, 9, 372-377. 
18. Rissi, E. N.; Soignard, E.; McKiernan, K. A.; Benmore, C. J.; Yarger, J. L., 
Pressure-induced Crystallization of Amorphous Red Phosphorus. Solid State 
Communications 2012, 152 (5), 390-394. 
19. Zaug, J. M.; Soper, A. K.; Clark, S. M., Pressure-dependent Structures of 
Amorphous Red Phosphorus and the Origin of the First Sharp Diffraction Peaks. Nature 
Materials 2008, 7, 890-899. 
20. Jamieson, J. C., Crystal Structures Adopted by Black Phosphorus at High Pressures. 
Science 1963, 139 (3561), 1291-1292. 
21. Lange, S.; Schmidt, P.; Nilges, T., Au3SnP7@Black Phosphorus:  An Easy Access 
to Black Phosphorus. Inorganic Chemistry 2007, 46 (10), 4028-4035. 
22. Köpf, M.; Eckstein, N.; Pfister, D.; Grotz, C.; Krüger, I.; Greiwe, M.; Hansen, T.; 
Kohlmann, H.; Nilges, T., Access and in-situ Growth of Phosphorene-precursor Black 
Phosphorus. Journal of Crystal Growth 2014, 405, 6-10. 
23. Park, C. M.; Sohn, H. J., Black Phosphorus and its Composite for Lithium 





24. Ferrara, C.; Vigo, E.; Albini, B.; Galinetto, P.; Milanese, C.; Tealdi, C.; Quartarone, 
E.; Passerini, S.; Mustarelli, P., Efficiency and Quality Issues in the Production of Black 
Phosphorus by Mechanochemical Synthesis: A Multi-Technique Approach. ACS 
Applied Energy Materials 2019, 2 (4), 2794-2802. 
25. Zhou, F.; Ouyang, L.; Zeng, M.; Liu, J.; Wang, H.; Shao, H.; Zhu, M., Growth 
Mechanism of Black Phosphorus Synthesized by Different Ball Milling Techniques. 
Journal of Alloys and Compounds 2019, 784, 339-346. 
26. Zhao, G.; Wang, T.; Shao, Y.; Wu, Y.; Huang, B.; Hao, X., A Novel Mild Phase-
Transition to Prepare Black Phosphorus Nanosheets with Excellent Energy 
Applications. Small 2017, 13 (7), 1602243. 
27. Sun, Q.; Zhao, X.; Feng, Y.; Wu, Y.; Zhang, Z.; Zhang, X.; Wang, X.; Feng, S.; Liu, 
X., Pressure Quenching: A New Route for the Synthesis of Black Phosphorus. 
Inorganic Chemistry Frontiers 2018, 5 (3), 669-674. 
28. Qiu, M.; Sun, Z. T.; Sang, D. K.; Han, X. G.; Zhang, H.; Niu, C. M., Current 
Progress in Black Phosphorus Materials and Their Applications in Electrochemical 
Energy Storage. Nanoscale 2017, 9 (36), 13384-13403. 
29. Viti, L.; Politano, A.; Vitiello, M. S., Black Phosphorus Nanodevices at Terahertz 
Frequencies: Photodetectors and Future Challenges. APL Materials 2017, 5 (3), 035602. 
30. Mayorga-Martinez, C. C.; Sofer, Z.; Sedmidubský, D.; Luxa, J.; Kherzi, B.; 
Pumera, M., Metallic Impurities in Black Phosphorus Nanoflakes Prepared by Different 
Synthetic Routes. Nanoscale 2018, 10 (3), 1540-1546. 
31. Pang, J.; Bachmatiuk, A.; Yin, Y.; Trzebicka, B.; Zhao, L.; Fu, L.; Mendes, R. G.; 
Gemming, T.; Liu, Z.; Rummeli, M. H., Applications of Phosphorene and Black 
Phosphorus in Energy Conversion and Storage Devices. Advanced Energy Materials 
2018, 8 (8), 1702093. 
32. Wu, S.; Hui, K. S.; Hui, K. N., 2D Black Phosphorus: from Preparation to 
Applications for Electrochemical Energy Storage. Advanced Science 2018, 5 (5), 
1700491. 
33. Favron, A.; Gaufrès, E.; Fossard, F.; Phaneuf-L’Heureux, A.-L.; Tang, N. Y. W.; 





and Quantum Confinement Effects in Exfoliated Black Phosphorus. Nature Materials 
2015, 14, 826, 1-7. 
34. Island, J. O.; Steele, G. A.; van der Zant, H. S.; Castellanos-Gomez, A., 
Environmental Instability of Few-layer Black Phosphorus. 2D Materials 2015, 2 (1), 
011002. 
35. Huang, Y.; Qiao, J.; He, K.; Bliznakov, S.; Sutter, E.; Chen, X.; Luo, D.; Meng, F.; 
Su, D.; Decker, J.; Ji, W.; Ruoff, R. S.; Sutter, P., Interaction of Black Phosphorus with 
Oxygen and Water. Chemistry of Materials 2016, 28 (22), 8330-8339. 
36. Walia, S.; Sabri, Y.; Ahmed, T.; Field, M. R.; Ramanathan, R.; Arash, A.; Bhargava, 
S. K.; Sriram, S.; Bhaskaran, M.; Bansal, V.; Balendhran, S., Defining the Role of 
Humidity in the Ambient Degradation of Few-layer Black Phosphorus. 2D Materials 
2016, 4 (1), 015025. 
37. Wang, G.; Slough, W. J.; Pandey, R.; Karna, S. P., Degradation of Phosphorene in 
Air: Understanding at Atomic Level. 2D Materials 2016, 3 (2), 025011. 
38. Wang, Y.; Yang, B.; Wan, B.; Xi, X.; Zeng, Z.; Liu, E.; Wu, G.; Liu, Z.; Wang, W., 
Degradation of Black Phosphorus: A Real-time 31P NMR Study. 2D Materials 2016, 3 
(3), 035025. 
39. Zhou, Q.; Chen, Q.; Tong, Y.; Wang, J., Light-Induced Ambient Degradation of 
Few-Layer Black Phosphorus: Mechanism and Protection. Angewandte Chemie 
International Edition 2016, 55 (38), 11437-11441. 
40. Abellán, G.; Wild, S.; Lloret, V.; Scheuschner, N.; Gillen, R.; Mundloch, U.; 
Maultzsch, J.; Varela, M.; Hauke, F.; Hirsch, A., Fundamental Insights into the 
Degradation and Stabilization of Thin Layer Black Phosphorus. Journal of the 
American Chemical Society 2017, 139 (30), 10432-10440. 
41. Avsar, A.; Vera-Marun, I. J.; Tan, J. Y.; Watanabe, K.; Taniguchi, T.; Castro Neto, 
A. H.; Özyilmaz, B., Air-Stable Transport in Graphene-Contacted, Fully Encapsulated 
Ultrathin Black Phosphorus-Based Field-Effect Transistors. ACS Nano 2015, 9 (4), 
4138-4145. 
42. Li, P.; Zhang, D.; Liu, J.; Chang, H.; Sun, Y. e.; Yin, N., Air-Stable Black 






43. Yasaei, P.; Behranginia, A.; Foroozan, T.; Asadi, M.; Kim, K.; Khalili-Araghi, F.; 
Salehi-Khojin, A., Stable and Selective Humidity Sensing Using Stacked Black 
Phosphorus Flakes. ACS Nano 2015, 9 (10), 9898-9905. 
44. Illarionov, Y. Y.; Waltl, M.; Rzepa, G.; Kim, J.-S.; Kim, S.; Dodabalapur, A.; 
Akinwande, D.; Grasser, T., Long-Term Stability and Reliability of Black Phosphorus 
Field-Effect Transistors. ACS Nano 2016, 10 (10), 9543-9549. 
45. Ryder, C. R.; Wood, J. D.; Wells, S. A.; Yang, Y.; Jariwala, D.; Marks, T. J.; Schatz, 
G. C.; Hersam, M. C., Covalent Functionalization and Passivation of Exfoliated Black 
Phosphorus via Aryl Diazonium Chemistry. Nature Chemistry 2016, 8, 597. 
46. Guo, Z.; Chen, S.; Wang, Z.; Yang, Z.; Liu, F.; Xu, Y.; Wang, J.; Yi, Y.; Zhang, H.; 
Liao, L.; Chu, P. K.; Yu, X.-F., Metal-Ion-Modified Black Phosphorus with Enhanced 
Stability and Transistor Performance. Advanced Materials 2017, 29 (42), 1703811. 
47. Walia, S.; Balendhran, S.; Ahmed, T.; Singh, M.; El-Badawi, C.; Brennan, M. D.; 
Weerathunge, P.; Karim, M. N.; Rahman, F.; Rassell, A.; Duckworth, J.; Ramanathan, 
R.; Collis, G. E.; Lobo, C. J.; Toth, M.; Kotsakidis, J. C.; Weber, B.; Fuhrer, M.; 
Dominguez-Vera, J. M.; Spencer, M. J. S.; Aharonovich, I.; Sriram, S.; Bhaskaran, M.; 
Bansal, V., Ambient Protection of Few-Layer Black Phosphorus via Sequestration of 
Reactive Oxygen Species. Advanced Materials 2017, 29 (27), 1700152. 
48. Zhao, Y.; Tong, L.; Li, Z.; Yang, N.; Fu, H.; Wu, L.; Cui, H.; Zhou, W.; Wang, J.; 
Wang, H.; Chu, P. K.; Yu, X.-F., Stable and Multifunctional Dye-Modified Black 
Phosphorus Nanosheets for Near-Infrared Imaging-Guided Photothermal Therapy. 
Chemistry of Materials 2017, 29 (17), 7131-7139. 
49. Abate, Y.; Akinwande, D.; Gamage, S.; Wang, H.; Snure, M.; Poudel, N.; Cronin, 
S. B., Recent Progress on Stability and Passivation of Black Phosphorus. Advanced 
Materials 2018, 30 (29), 1704749. 
50. Zhang, Z.; Zhang, X.; He, X.; Wang, X.; Mi, Y., Purification of Phosphorus by a 
Zero Pollution Zone Melting Technique. Separation and Purification Technology 2012, 
98, 249-254. 





of Functional Lanthanide Nanomaterials. Nanoscale 2013, 5 (11), 4621-4637. 
52. Yang, B.; Wan, B.; Zhou, Q.; Wang, Y.; Hu, W.; Lv, W.; Chen, Q.; Zeng, Z.; Wen, 
F.; Xiang, J.; Yuan, S.; Wang, J.; Zhang, B.; Wang, W.; Zhang, J.; Xu, B.; Zhao, Z.; Tian, 
Y.; Liu, Z., Te-Doped Black Phosphorus Field-Effect Transistors. Advanced Materials 
2016, 28 (42), 9408-9415. 
53. Zhang, Z.; Khurram, M.; Sun, Z.; Yan, Q., Uniform Tellurium Doping in Black 
Phosphorus Single Crystals by Chemical Vapor Transport. Inorganic Chemistry 2018, 
57 (7), 4098-4103. 
54. Singhal, S. K.; Park, J. K., Synthesis of Cubic Boron Nitride from Amorphous 
Boron Nitride Containing Oxide Impurity Using Mg–Al Alloy Catalyst Solvent. 
Journal of Crystal Growth 2004, 260 (1), 217-222. 
55. Dash, P.; Scott, R. W. J., 1-Methylimidazole Stabilization of Gold Nanoparticles in 
Imidazolium Ionic Liquids. Chemical Communications 2009,  (7), 812-814. 
56. Wang, F.; Tang, R.; Buhro, W. E., The Trouble with TOPO; Identification of 
Adventitious Impurities Beneficial to the Growth of Cadmium Selenide Quantum Dots, 
Rods, and Wires. Nano Letters 2008, 8 (10), 3521-3524. 
57. Palyanov, Y. N.; Borzdov, Y. M.; Khokhryakov, A. F.; Kupriyanov, I. N.; Sokol, A. 
G., Effect of Nitrogen Impurity on Diamond Crystal Growth Processes. Crystal Growth 
& Design 2010, 10 (7), 3169-3175. 
58. Akahama, Y.; Kobayashi, M.; Kawamura, H., Raman Study of Black Phosphorus 
up to 13 GPa. Solid State Communications 1997, 104 (6), 311-315. 
59. Ribeiro, H. B.; Pimenta, M. A.; de Matos, C. J. S., Raman Spectroscopy in Black 
Phosphorus. Journal of Raman Spectroscopy 2018, 49 (1), 76-90. 
60. Xiang, H.; Nie, Y.; Zheng, H.; Sun, X.; Sun, X.; Song, Y., The Mechanism of 
Structural Changes and Crystallization Kinetics of Amorphous Red Phosphorus to 
Black Pphosphorus under High Pressure. Chemical Communications 2019, 55 (56), 
8094-8097. 
61. Shen, Z.; Sun, S.; Wang, W.; Liu, J.; Liu, Z.; Yu, J. C., A Black–red Phosphorus 
Heterostructure for Efficient Visible-light-driven Photocatalysis. Journal of Materials 





62. Wu, X.; Gong, K.; Zhao, G.; Lou, W.; Wang, X.; Liu, W., Mechanical Synthesis of 
Chemically Bonded Phosphorus-Graphene Hybrid as High-temperature Lubricating 
Oil Additive. RSC Advances 2018, 8 (9), 4595-4603. 
63. Wood, J. D.; Wells, S. A.; Jariwala, D.; Chen, K.-S.; Cho, E.; Sangwan, V. K.; Liu, 
X.; Lauhon, L. J.; Marks, T. J.; Hersam, M. C., Effective Passivation of Exfoliated 
Black Phosphorus Transistors against Ambient Degradation. Nano Letters 2014, 14 
(12), 6964-6970. 
64. Hanlon, D.; Backes, C.; Doherty, E.; Cucinotta, C. S.; Berner, N. C.; Boland, C.; 
Lee, K.; Harvey, A.; Lynch, P.; Gholamvand, Z.; Zhang, S.; Wang, K.; Moynihan, G.; 
Pokle, A.; Ramasse, Q. M.; McEvoy, N.; Blau, W. J.; Wang, J.; Abellan, G.; Hauke, F.; 
Hirsch, A.; Sanvito, S.; O’Regan, D. D.; Duesberg, G. S.; Nicolosi, V.; Coleman, J. N., 
Liquid Exfoliation of Solvent-stabilized Few-layer Black Phosphorus for Applications 
Beyond Electronics. Nature Communications 2015, 6, 8563. 
65. Park, J. W.; Jang, S. K.; Kang, D. H.; Kim, D. S.; Jeon, M. H.; Lee, W. O.; Kim, K. 
S.; Lee, S. J.; Park, J.-H.; Kim, K. N.; Yeom, G. Y., Layer-controlled Thinning of Black 
Phosphorus by an Ar Ion Beam. Journal of Materials Chemistry C 2017, 5 (41), 10888-
10893. 
66. Xia, W.; Zhang, Q.; Xu, F.; Ma, H.; Chen, J.; Qasim, K.; Ge, B.; Zhu, C.; Sun, L., 
Visualizing the Electrochemical Lithiation/Delithiation Behaviors of Black Phosphorus 
by in-situ Transmission Electron Microscopy. The Journal of Physical Chemistry C 
2016, 120 (11), 5861-5868. 
67. Sun, J.; Lee, H.-W.; Pasta, M.; Yuan, H.; Zheng, G.; Sun, Y.; Li, Y.; Cui, Y., A 
Phosphorene–Graphene Hybrid Material as a High-capacity Anode for Sodium-Ion 
Batteries. Nature Nanotechnology 2015, 10, 980. 
68. Sultana, I.; Rahman, M. M.; Chen, Y.; Glushenkov, A. M., Potassium-Ion Battery 
Anode Materials Operating through the Alloying–Dealloying Reaction Mechanism. 
Advanced Functional Materials 2018, 28 (5), 1703857. 
69. Jun, Y.-S.; Kim, D.; Neil, C. W., Heterogeneous Nucleation and Growth of 






70. Sosso, G. C.; Chen, J.; Cox, S. J.; Fitzner, M.; Pedevilla, P.; Zen, A.; Michaelides, 
A., Crystal Nucleation in Liquids: Open Questions and Future Challenges in Molecular 
Dynamics Simulations. Chemical Reviews 2016, 116 (12), 7078-7116. 
71. Li, X.; Zhang, K.; Li, J.; Chen, J.; Wu, Y.; Liu, K.; Song, J.; Zeng, H., 
Heterogeneous Nucleation toward Polar-Solvent-Free, Fast, and One-Pot Synthesis of 
Highly Uniform Perovskite Quantum Dots for Wider Color Gamut Display. Advanced 
Materials Interfaces 2018, 5 (8), 1800010. 
72. Boulfelfel, S. E.; Seifert, G.; Grin, Y.; Leoni, S., Squeezing lone pairs: The A17 to 
A7 Pressure-induced Phase Transition in Black Phosphorus. Physical Review B 2012, 
85 (1), 014110. 
73. Clark, S. M.; Zaug, J. M., Compressibility of Cubic White, Orthorhombic Black, 
Rhombohedral Black, and Simple Cubic Black Phosphorus. Physical Review B 2010, 
82 (13), 134111. 
74. Hennig, R. G.; Trinkle, D. R.; Bouchet, J.; Srinivasan, S. G.; Albers, R. C.; Wilkins, 
J. W., Impurities Block the α to ω Martensitic Transformation in Titanium. Nature 
Materials 2005, 4, 129. 
75. Lin, C.-M.; Hsu, I. J.; Lin, S.-C.; Chuang, Y.-C.; Chen, W.-T.; Liao, Y.-F.; Juang, 
J.-Y., Pressure Effect on Impurity Local Vibrational Mode and Phase Transitions in n-
type Iron-doped Indium Phosphide. Scientific Reports 2018, 8 (1), 1284. 
76. Kikegawa, T.; Iwasaki, H., An X-ray Diffraction Study of Lattice Compression and 
Phase Transition of Crystalline Phosphorus. Acta Crystallographica Section B 1983, 39 
(2), 158-164. 
77. Scelta, D.; Baldassarre, A.; Serrano-Ruiz, M.; Dziubek, K.; Cairns, A. B.; Peruzzini, 
M.; Bini, R.; Ceppatelli, M., Interlayer Bond Formation in Black Phosphorus at High 
Pressure. Angewandte Chemie International Edition 2017, 56 (45), 14135-14140. 
78. Scelta, D.; Baldassarre, A.; Serrano-Ruiz, M.; Dziubek, K.; Cairns, A. B.; Peruzzini, 
M.; Bini, R.; Ceppatelli, M., The p-sc Structure in Phosphorus: Bringing Order to the 
High Pressure Phases of Group 15 Elements. Chemical Communications 2018, 54 (75), 
10554-10557. 





Structure of the Metallic Phase of Phosphorus. Journal of the Physical Society of Japan 








High-Pressure Synthesis of Partially 
Oxidized Black Phosphorus from Oxygen 
Containing Amorphous Red Phosphorus  
5.1 Introduction 
Black phosphorus (BP) especially in its two-dimensional form is an emerging 
material showing versatile properties, such as a moderate band gap energy (0.3-2.0 eV), 
a high carrier mobility and a strong in-plane anisotropy.1 Currently the only way to 
synthesis two-dimensional BP is via delamination of BP bulk prepared using high 
pressure or chemical vapor transportation method, mainly using micro mechanic 
exfoliation and assisted liquid phase exfoliation.1-2  
One of the prevailing challenge for BP is that the oxidative degradation as being 
exposed to water, oxygen, and visible light,3-5 resulting in both compositional and 
physical changes5 and impeding further expansion of applications of the material.6-7 
Nevertheless, the formed BP oxides can be used as barrier and protective layer, and as 
means to engineer the band gap and to functionalize the basal surface or edges of BP 
by controlled oxidation.8-10 Dicherson et al.11 applied BP oxides grown by a reactive 
ion etch with oxygen plasma as passivation layer and gate stack formation component 
in an appealing BP filed-effect transistor. Recently reported one-step solvothermal 
method for BP nanosheets by Tian et al.12 suggests that partial oxidation can be 
beneficial for the improvement of stability of products. The oxygen chemisorption in 
BP gives rise to gain in energy ranging from 1.8 to 2.9 eV per oxygen atom as the 
oxygen concentration increases.9, 13 Lu et al.14 experimentally demonstrated that 
phosphorus oxide and suboxides have great tunabilities of band gap and superior 
stability than pristine BP in ambient conditions. In addition, the oxidized BP possesses 





in BP, giving rise to versatile ultrafast nonlinear optical properties of oxidized BP.15 In 
addition, native BP oxide could be suitable for optoelectronics operating in the infrared 
and ultraviolet regimes.8 However, the lack of a facile and low-coast synthesis approach 
for the oxidized BP restricts further exploration of its properties and applications. 
In this work, we demonstrate that partially oxidized bulk BP can be easily prepared 
through converting partially oxidized ARP under high pressure. The BP product was 
confirmed using Raman spectroscopy and XPS, which showed characters of pristine 
BP as well as features of moderately oxidized BP. Our work can provide a new route 
of directly preparing BP with native oxidized phosphorus species using more stable and 
safe ARP, which will promote the research on the property and potential application of 
this oxidized BP material. 
5.2 Experimental 
5.2.1 Material 
ARP (≥ 99.99 %, SigmaAldrich) was directly used without further purification for 
oxides of phosphorus. 
5.2.2 High pressure experiment 
Descriptions of high pressure setup, sample loading, and pressure calibration can 
be found in the section 2.1 in Chapter 2. In this particular experiment, the stainless steel 
gasket was pre-indented to a thickness of about 45 µm. An aperture with a diameter of 
about 150 µm was drilled at the center of the indented gasket. Samples were all 
compressed up to pressure of about 11.3 GPa and decompressed to pressure of about 







In-situ Raman spectroscopy (refer to the section 2.2.1 in Chapter 2) was applied 
to monitor pressure-induced phase transitions of samples. In the Raman system the 
scattered light was dispersed using an imaging spectrograph equipped with a 1200 
lines/mm grating, achieving a resolution of about 0.2 cm–1. The 532 nm laser was used 
as an exciting source. The laser beam was focused onto a spot with the diameter of 
approximately 5 μm using an objective microscope with a magnification of 50×. The 
Raman band of the silicon wafer at 520.7 cm-1 was used to calibrate the spectrometer. 
Data acquisition was five times of 10s accumulations.  
In-situ IR spectroscopy (refer to the section 2.2.2 in Chapter 2) was applied to 
monitor pressure-induced phase transitions of samples. A commercial Fourier 
transform infrared (FTIR) spectrometer from Bruker Optics Inc. (model Vertex 80v) 
equipped with a Globar IR light source constituted the main component of the micro-
IR system. 
A Hitachi S-4800 field-emission scanning electron microscope (refer to section 
2.3.1in Chapter 2) were used to characterize the morphologies of both ARP and 
pressure-transformed partially oxidized BP samples. 
XPS (refer to the section 2.2.4 in Chapter 2) spectra of ARP samples and as-made 
BP samples were acquired using a monochromatized Al Kα source (1486.7 eV) with an 





5.3 Results and Discussion 
5.3.1 High-Pressure FTIR and Raman Spectra 
 
Figure 5- 1 (a) in-situ FTIR spectra of partially oxidized ARP at selected pressures in the range of 700-
1600 cm-1. The first two broad bands at 1075 and 1170 cm-1 are attributed to P−O and P=O bonding, 
respectively. The third peak at about 1400 cm-1 is due to the P=O bonds in phosphorus oxides. Under 
pressure of 2.05 GPa a new peak labeled by * emerges and is enhanced as pressure increases. The dashed 
canyon lines are plotted for eye guidance. (b) in-situ Raman spectra of partially oxidized ARP at selected 
pressures proximate to FTIR spectra in (a). Raman modes belong to rhombohedral phase of BP are 
labeled by ♣ and no Raman peak belong to stable phosphorus oxides are observed. 
Figure 5-1a shows the selected FTIR spectra of ARP on compression from 0.54 
GPa up to 7.42 GPa, and then decompression to pressure of 0.11 GPa. At the starting 
pressure of 0.54 GPa, the spectrum of ARP shows three bands at 1075, 1170 and 1398 
cm-1 corresponding to P–O, P=O stretching modes,16-17 and P=O stretching mode of 
P4O8.
18 These peaks are the result of thin layer of phosphorus-based oxides on ARP due 















GPa, the first two bands become weaker and broader but hardly shifted.(Figure 5-2) 
Whereas, the third one evolved into two peaks at 1398 cm-1 at 2.05 GPa and the newly 
formed peak (labeled by *) at 1412 cm-1 is largely enhanced as pressure increased up 
to 3.09 GPa. The peak at ~1400 cm-1 could be due to the phosphorus-oxygen 
coordination number variation of  phosphorus oxides species, such as from P4O8 to 
P4O9 or P4O10 (Figure 5-3).
9 Further compression up to 7.42 GPa results in strengthen 
of this new peak. When applied pressure was quenched to ambient pressure, the 
collected FTIR spectrum of reclaimed sample exhibits reversible changes under 
pressure, featuring three similar bands, indicating phosphorus-oxygen bonds in the 
reclaimed sample. 
 
Figure 5- 2 Summary of ARP peak shift as function of pressure in FTIR spectra under compression. The 

























Figure 5- 3 Molecules of P4O6, P4O7, P4O8, P4O9 and P4O10. 
The pressure evolutions observed in FTIR are totally reversible during 
compression and decompression cycle, but this is not the case in pressure-dependent 
Raman spectra as shown in Figure 5-1b. The Raman spectrum of moderately oxidized 
ARP shows three major mods of B1, E1, and A1, and no observable peak belongs to 
stable phosphorus pentoxide, phosphite, or phosphate.20 Under pressure, these modes 
become weaker and broader as in the oxygen-free ARP sample.21 As the applied 
pressure is higher than 6.60 GPa, the pressure-induced crystallization of ARP was 
initiated and completed at 7.42 GPa, as suggested by the broad Raman spectra of 
pressurized BP with two broad bands (labeled by ♣) belong to rhombohedral phase of 
BP (Figure 5-4).21-22 However, the FTIR spectra show almost no difference under 






Figure 5- 4 Summary of ARP peak shift as function of pressure in Raman spectra under compression. 
The slopes by linear fitting are labeled next to the line of each pressure-dependent shift of each peak in 
Figure 5-1b. 
These in-situ pressure-dependent spectroscopic results suggest an unaffected 
pressure-induced crystallization in the ARP including phosphorus-oxygen bonds. As 
pressure decreased to 0.13 GPa, the Raman result of reclaimed sample features three 
sharp peaks at 359, 434, and 460 cm-1, assigning to the 𝐴𝑔
1 , 𝐵2𝑔  and 𝐴𝑔
2  modes, 
respectively. The Raman spectrum of recovered sample agrees with previous resarch.4 
This result implies that a crystalline BP has been converted from ARP with phosphorus-
oxygen bonds which are preserved in BP. It is worth noticing that, in the Raman spectra 
of the reclaimed BP, the intensity ratio of 𝐴𝑔
1 /𝐴𝑔
2  is large than 0.6, implying certain 
extent of oxidation in the BP.4 These results suggest that phosphorus atoms bonded 
with oxygen in the ARP did not hinder the formation of BP through the pressure-























Figure 5- 5 Optical images of (a) ARP powder and (b) pressure-converted BP. (c) Height profile of 
pressure-converted BP shown in (b). The scale bar is 700 μm in (a), 50 μm in (b), and 20 μm in (c). 
 






The parent material and product using high pressure showed different colors and 
morphologies, as demonstrated by the optical microscopic images in Figure 5-5. 
Morphology analyses using SEM, as shown in Figure 5-6, indicated an apparent change 
as the result of condensation from parent material to product. The partially oxidized 
ARP powder (Figure 5-6a) displayed a coarse surface on each particle (Figure 5-6b and 
c), whereas the high-pressure formed BP (Figure 5-6d) had a relative smooth surface 
with layer-like feature (Figure 5-6e and f). In order to interpret this uninterrupted 
crystallization, it is important to examine the relationship between oxidized phosphorus 
species in ARP and ones in as-transformed BP. 
5.3.3 The Oxygen-Phosphorus Interaction 
Therefore, we applied the XPS to study oxidized phosphorus species in parent 
material and product, which are discussed below. The P 2p XPS core-level spectrum of 
ARP sample in Figure 5-7a shows a broad band in the energy range from 129 to 136 
eV. This broad band can be deconvoluted into four peaks at 131.1, 131.9, 132.5, and 
133.4 eV, corresponding to phosphorus element, phosphate, and metaphoshate (Table 
5-1), respectively.23-24 In the O 1s XPS core-level spectrum of ARP sample, as shown 
in Figure 5-7b, the broad band ranging from 528 to 534 eV can be deconvoluted into 
two peaks at 532.9 eV and 530.6 eV, due to the O–P bond and the P–O–P bond (Figure 
5-8 and Table 5-2), respectively.23 These results confirmed the oxidation on the surface 
of ARP, in an agreement with the conclusion from our FTIR result (Figure 5-1a). In 
spite of existence of different phosphorus-oxygen bonds (O–P and P–O–P) in the ARP, 
the pressure-driven crystallization was not influenced to form crystalline BP, as 
suggested by in-situ high-pressure Raman spectra. To understand the phosphorus-







Figure 5- 7 XPS P 2p and O 1s spectra of partially oxidized ARP and pressure-converted BP. The P 2p 
spectra of (a) ARP and (c) BP reveal various phosphorus-oxygen bonds at surfaces. (c) The BP is 
confirmed by the P 2p3/2 and P 2p1/2 labeled as P1 and P2, respectively. The rest deconvoluted four 
peaks (P3 to P6) are attributed to different type of phosphorus-oxygen bonding. The O 1s spectra of (b) 
ARP and (d) BP confirms the phosphorus-oxygen bonding in both ARP as precursor and BP as products. 
Table 5- 1 XPS P 2p binding energy of ARP in this work and values in references. 
 
This work (partially 
oxidized ARP) 
Ref. 23 (pristine  
ARP) 
Ref. 24 (pristine 
ARP) 
P0 2p3/2 131.1 eV 129.5 eV 129.7 eV 
P0 2p1/2 131.9 eV 130.2 eV 130.5 eV 
Pv(P−O) 
2p3/2 132.5 eV 
133.5 eV 134.0 eV 






Figure 5- 8 Schematic diagram of (a) O−P bond and (b) P−O−P bond in ARP. 
Table 5- 2 XPS O 1s binding energy of ARP in this work and values in reference. 
 
This work (partially oxidized 
ARP) 




532.9 eV 533.1 eV 
P=O 
bond 










Figure 5- 9 Schematic diagram of (a) O−P=O bond and (b) P−O−P bond in BP. 






Ref. 8 (BP after 





Ref. 26(BP after 
21 days of air 
oxidation) 
P0 2p3/2 130.02 eV 130.06 eV 129.9 eV NA 
P0 2p1/2 130.86 eV 130.92 eV 130.8 eV NA 
Bridging 
bond 
131.54 eV 131.54 eV 131.8 eV 131.5 eV 
Dangling 
bond 
132.85 eV 132.67 eV 132.9 eV 132.4 eV 
Pv 
(P−O) 
2p3/2 134.63 eV 
134.46 eV 134.2 eV 133.5 









Table 5- 4 XPS O 1s binding energy of BP in this work and values in reference. 
 
This work (partially oxidized 
BP) 




530.8 eV 530.8 eV 
P=O 
bond 
532.0 eV 532.2 eV 
All the phosphorene oxide structures identified display two P–O motifs of 
dangling  and bridging (Figure 5-9).8-9 Ziletti et al.25 also found that a single oxygen 
atom inclined to adsorb on a phosphorus atom to form the dangling motif, because of 
the electron lone pair of the sp3-hybridized phosphorus atom. Luo et al.13 found that 
phosphorene oxides maintain the phosphorene framework with dangling P=O motifs in 
low oxygen concentration, but with the bridging P–O–P motif when oxygen 
concentration is above one third. The P 2p XPS core-level spectrum of BP, as shown in 
Figure 5-7c, exhibits a characteristic feature with two narrow peaks in the binding 
energy range of 128-131 eV along with a broad band ranging from 131 to 138 eV in 
binding energy. The two peaks at 130.0 and 130.9 eV correspond to the P 2p spin-
orbital splitting doublet of 2p3/2 and 2p1/2 states,
8, 12 which are labeled as P1 and P2, 
respectively in Figure 5-7c. The broad band can be deconvoluted into four peaks at 
131.5, 132.8, 134.6 and 135.5 eV (labeled as P3, P4, P5 and P6, respectively in Figure 
5-7c) attributing to bridging P−O−P bonding, dangling O–P=O bonding environments, 
and 2p3/2 and 2p1/2 states of P–O bonding in P4O10, respectively.
8, 12, 26(Table 5-3) The 
O 1s XPS core-level spectrum, as shown in Figure 5-7d, further reveals partial 
oxidation of the as-transformed BP. Typically, there are two intense peaks at 530.8 and 
532.0 eV, which are assigned to P=O and P−O−P bonds, respectively.12(Table 5-4) 
Based on both XPS and FTIR results, we conclude that oxidized phosphorus species 
originated in ARP remained in the high-pressure transformed BP, maintaining the 






5.3.4 Pressure tuning of partially oxidized BP 
According to the work by Ziletti et al. the bridging motif can result in considerable 
expansion in the P–P distance, hence increasing the local layer thickness by 36%.25 
Such deformation in the BP lattice could lead to different structural evolution under 
high pressure in contrast to unoxidized BP which is in the orthorhombic structure (space 
group Pm3̅m, Z=1) under pressures below 5.5 GPa, the rhombohedral structure (space 
group Cmce, Z=8)in the range of 5.5-10 GPa, and the simple cubic structure (space 
group R3̅m, Z=2) in the range of 10-60 GPa.27 To study such impact by phosphorus 
oxide species on BP, in-situ high-pressure FTIR and Raman spectroscopies were 
employed and their results are discussed below. 
 
Figure 5- 10 (a) in-situ FTIR spectra of partially oxidized BP at selected pressures in the range of 700-
1600 cm-1. The first two broad bands at 1075 and 1170 cm-1 are attributed to P−O and P=O bonding, 
respectively. The peak at about 1400 cm-1 is due to the P=O bonds in phosphorus oxides. A new peak 
labeled by * emerges at 2.05 GPa and is enhanced as pressure increases. The dashed canyon lines are 















pressures corresponding to FTIR spectra in (a). Raman modes belong to rhombohedral and simple cubic 
phases are labeled by ♣ and ♦, respectively. 
 
Figure 5- 11 Summary of BP peak shift as function of pressure in FTIR spectra under compression. The 
slopes by linear fitting are labeled next to the line of each pressure-dependent shift of each peak in Figure 
5-10a. 
 








































The slopes by linear fitting are labeled next to the line of each pressure-dependent shift of each peak in 
Figure 5-10b. 
In Figure 5-10a, the FTIR spectrum at ambient pressure exhibits two broad bands 
and a small peak at 1078, 1174, and 1400 cm-1, corresponding to stretching modes of 
P−O and P=O, 16-17 and P=O of P4O7.
18 As external pressure applied to the sample, these 
three features various.(Figure 5-11) The first two band become boarder and weaker 
during the pressure-induced phase transition from orthorhombic to rhombohedral phase, 
as suggested by broadening Raman spectra in Figure 5-10b and Figure 5-12 under same 
pressures. The third peak in the FTIR spectra demonstrated splitting at lower 
pressures and merging at higher pressure. As pressure increase, this peak was slightly 
enhanced showing increased intensity, but barely shifted. (Figure 5-11) The changes of 
BP were quite similar to that of ARP in the same pressure range. As the applied pressure 
larger than 10.56 GPa, the rhombohedral transforms to simple cubic phase, as implied 
by the Raman spectra showing merging of two bands (belong to rhombohedral, labeled 
by ♣) into one at lower Raman shift (belongs to simple cubic, labeled by ♦) in in Figure 
5-10b and Figure 5-12. As the applied stress was relieved, both FTIR and Raman 
spectra change back as just reclaimed after the phase transition from ARP. 
Totally reversible phase transitions and variations of phosphorus-bonds under pressure 
imply that the phosphorus oxide species included in the pressure-converted BP will not 
alter its structure evolution sequence under high pressure, implying less prominent 














In summary, we successfully utilized slightly oxidized ARP to directly synthesize 
the moderately oxidized BP using high pressure for the first time. The existence of 
phosphorus-oxygen bonding in ARP was confirmed through FTIR and XPS. In-situ 
high-pressure FTIR study showed reversible changes of P–O and P=O stretching modes 
under compression and decompression. After compressed up to 7.42 GPa, the recovered 
sample exhibits characteristic features of BP in analysis using Raman and XPS of P 2p 
spectra. The phosphorus-oxygen bonding in the BP was also revealed using XPS and 
in-situ high-pressure FTIR. The FTIR results show thunder pressure-induced changes 
of P–O and P=O stretching modes are reversible in both ARP and the converted BP 
from it. In addition, Raman results imply that phosphorus-oxygen bonds due to partial 
oxidation of phosphorus can have a minimum impact on the crystallization of slightly 
oxidized ARP and phase transitions of slightly oxidized BP under pressure. Besides 
being beneficial for the improvement of stability of BP, the partial oxidation of BP can 
modify the electronic structure of BP and functionalize BP. However, given the limited 
information on this oxidized BP material, further experimental efforts are highly needed, 
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High-Pressure Synthesis of the 
Black/Amorphous Red Phosphorus 
Heterostructure for Hydrogen Production 
through Water Splitting 
6.1 Introduction 
Photocatalysts hold the key to sustainable solar-driven hydrogen production from 
water as a source of clean energy.1 Metal-free photocatalysts are made of earth abundant 
and inexpensive materials, among which the semiconducting phosphorus is a promising 
candidate.2-3 Red phosphorus has the ability of photocatalytic hydrogen evolution from 
water under visible light in either amorphous4-7 or crystalline8-9 forms. BP has adequate 
tunability of band gap for wide range photon absorption,10 exhibiting great potential for 
photo-driven hydrogen production.11-14 However, electron–hole pairs generated by 
photon in bare BP recombine easily, leading to greatly suppressed photocatalytic 
activity.1, 15 Among many approaches to address this issue, heterostructure construction 
is a promising approach to promote the separation of photoexcited electrons and holes, 
and the absorption of photon due to different band gaps of introduced semiconductors.1, 
15-16 
The single element heterostructure of BP and ARP showed an excellent interfacial 
contact between BP and ARP,17-19 and hence will be beneficial to electron transfer 
giving rise to the superior electrochemical performance20 and visible-light 
photocatalytic activity17-18, 21-22. Being motivated to improve the hydrogen production 
rate and considering the fact that high pressure method is effective in controlling the 
equilibrium constant and the reaction rate of the photo-induced chemical reaction,4, 23 





the perspective of hydrogen production. 
In this work, we first applied high-pressure method to a facile synthesis of BP/ARP 
heterostructures. This heterostructure material was characterized using Raman 
spectroscopy, with features like the Raman spectrum of BP. The structure of this 
heterostructure material was scrutinized using high-resolution TEM, exhibiting both 
ARP and BP as a result of the pressure-induced crystallization of ARP.19, 24-25 We also 
explored the photo-assisted chemical reaction of the BP/ARP heterostructure material 
with water under pressures. Its photocatalytic ability was examined by the production 
of hydrogen, which was monitored by Raman spectroscopy. Furthermore, the reaction 
rate was found to be accelerated by increasing pressure from 0.12 to 0.54 GPa. Our 
work can contribute to the development of metal-free photocatalysts and enhancement 
of photocatalysts through strain-engineering method. 
6.2 Experimental 
6.2.1 Material 
Amorphous red phosphorus powder from Sigma Aldrich (99.99%) was used as 
received.  
6.2.2 Synthesis 
The ARP power was directly loaded in the diamond anvil cell (DAC) with 
diamonds having 400 μm culets. Samples were slowly pressurized to 6.76 GPa and 
dwelling for 36 hours at this pressure, the reclaimed samples were collected under 
microscopy in glove box filled with nitrogen after Raman characterizations. 
6.2.3 High Pressure Experiments 
Descriptions of high pressure setup, sample loading, and pressure calibration can 





gasket was pre-indented to a thickness of about 45 µm. An aperture with a diameter of 
about 150 µm was drilled at the center of the indented gasket. Samples were all 
compressed up to pressure of about 6.8 GPa. All sample loading and retrieving are 
performed in the nitrogen-filled glovebox. 
For experiments on the high pressure reaction under visible laser irradiation, the 
retrieved BP/a-RP hybrid samples and deionized water were processed by degassing 
and purging with nitrogen were loaded in the DAC. Then samples were irradiated using 
the 488 nm visible laser with output power of 150 mW for different periods time. 
6. 2. 4 Characterizations 
In-situ Raman spectroscopy (refer to the section 2.2.1 in Chapter 2) was applied 
to monitor pressure-induced phase transitions of samples. In the Raman system the 
scattered light was dispersed using an imaging spectrograph equipped with a 1200 
lines/mm grating, achieving a resolution of about 0.2 cm–1. The 532 nm laser was used 
as an exciting source. The laser beam was focused onto a spot with the diameter of 
approximately 5 μm using an objective microscope with a magnification of 50×. The 
Raman band of the silicon wafer at 520.7 cm-1 was used to calibrate the spectrometer. 
Data acquisition was five times of 10s accumulations. 
High-resolution transmission electron microscopy (refer to the section 2.3.2 in 
Chapter 2) was carried out on a FEI Tecnai F20 S-TIWN transmission electron 
microscope with voltage of 200 kV.  
Scanning electron microscope (refer to section 2.3.1in Chapter 2) was carried out 
on a Hitachi S-4800 field-emission scanning electron microscope for characterizing the 





6. 3 Results and Discussion 
6.3.1 High-pressure Raman spectroscopy 
 
Figure 6- 1(a) In-situ high-pressure Raman spectra of ARP under compression up to 7.50 GPa and 
recovered at 0.13 GPa. At 7.13 GPa two new weak and broad peaks, labeled by ♦, suggest the formation 
of crystalline rhombohedral BP. The recovered product at 0.13 GPa shows three sharp characteristic 
peaks of orthorhombic BP. (b) The time-dependent Raman spectrum of compressed ARP at the pressure 
of 6.76 GPa for 0, 16, 24, 36, and 71 hours. The two small and broad peaks (labeled with ♦) centered at 
290 cm-1 and 378 cm-1, respectively, appear at 36 and 71 hours, indicating the rhombohedral BP as in (a) 
under pressures above 7 GPa. (c) Comparison of Raman spectra of ARP, BP and BP/ARP heterostructure 
synthesized by pressurizing at 6.76 GP for 36 hours. 
In-situ high-pressure Raman spectroscopy was employed to study the pressure-
induced phase transitions of ARP at room temperature.24-25 Therefore, by recording the 
evolution of Rama spectrum of ARP sample compressed in a DAC, the pressure 
threshold can be approximately determined for the initiation of pressure-induced 
crystallization. Figure 6-1a shows a series of in-situ Raman spectra at selected pressures. 
The compression started under pressure of 0.07 GPa and three typical modes of ARP 
were observed. The peak at 352 cm-1 is assigned to B fundamental mode, whereas the 





motion and E degenerate mode, respectively.25 Upon compression, all Raman active 
modes were weakened up to 3.00 GPa and broadened above 5 GPa, until crystallization 
completed at 7.13 GPa as suggested by the two weak Raman peaks of rhombohedral 
BP at 290 cm-1 and 378 cm-1 labeled by ♦, as a result of pressure-induced changes of 
subunit structures.24 After decompression to the pressure of 0.13 GP, the rhombohedral 
BP transformed into orthorhombic BP, as evidenced by different Raman spectra with 
the three sharp peaks, assigning to the 𝐴𝑔
1 , 𝐵2𝑔, and 𝐴𝑔
2  modes of orthorhombic BP. 
Therefore, 6.78 GPa is the approximate onset pressure for the pressure-driven 
crystallization in our study.  
To validate this threshold, additional high-pressure experiments were carried out 
by fixing the pressure of ARP at 6.76 GPa and performing in-situ Raman measurements 
as a function of time, as shown in Figure 6-1b. The spectrum at this pressure presents 
no features of either ARP or BP in the first 24 hours. After 36 hours, two new broad 
peaks (labeled by ♦) centered at 290 cm-1 and 378 cm-1 appeared, corresponding to the 
A1g and Eg modes, respectively, of the rhombohedral BP. As the dwelling time 
prolonged to 71 hours, this crystalline phase became more prominent and can be 
compared with phase under 7.5 GPa in Raman spectra of Figure 6-1a. These phenomena 
were caused by the crystallization mechanism and kinetics at the approximate pressure 
threshold of pressure-driven crystallization of ARP.19 Hence the single element 
heterostructure could be made by keeping the ARP sample under pressure of 6.76 GPa 
for 36 hours.  
Figure 6-1c shows Raman spectra of recovered samples with different structures. 
The BP (the top line) features three sharp peaks at 360.0, 436.6 and 464.6 cm-1, assigned 
to 𝐴𝑔
1  , 𝐵2𝑔 , and 𝐴𝑔
2  modes of orthorhombic BP. The ARP (bottom line) exhibits a 
Raman peak at 352 cm-1, and two doublets at 389-399 cm-1 and 454-462 cm-1 are 
associated with the B fundamental mode, the A1 symmetric stretch motion and the E 
degenerate mode, respectively.25 To understand the structure of the reclaimed sample, 
TEM was employed for characterizing differences in structure with respect to ARP and 





6.3.2 Microstructure of the BP/ARP Heterostructure 
 
Figure 6- 2 TEM images of structures of nucleation sites in the reclaimed sample from 6.76 GPa dwelled 
for 36 hours. (a) A BP/ARP heterostructure composes of BP nanocrystals embedded in the matrix of ARP 
with lattice fringes of 0.25 nm, corresponding to the (111) plane of orthorhombic BP. (b) The magnified 
image of one BP nanocrystal illustrates structural difference between BP and ARP. (c) A different form 
of BP/ARP heterostructure consists of larger and well-constructed crystalline region. The crystalline 
domain exhibits lattice fringe of 0.34 and 0.26 nm, corresponding to the (021) and (040) plane of 
orthorhombic BP, respectively. (d) The magnified image on the boundary between BP and ARP illustrates 
structural difference between the two counterparts of this heterostructure. The scale bar is 10 nm in (a) 





In the TEM images shown in Figure 6-2a, tiny crystalline particles in the size of 
several nanometers are found embedded in the matrix of ARP. These nanocrystals 
exhibit differing orientations but same lattice fringes of 0.25 nm, corresponding to (111) 
plane of orthorhombic BP. Figure 6-2b shows an enlarged TEM image of a 
representative nanocrystal. It is obvious that the structural difference between ARP and 
BP in arrangements of phosphorus atoms. This form of BP/ARP heterostructure is very 
similar to that synthesized by Shen and coworkers.17 The formation of these tiny 
crystalline particles is due to the stress-induced structural modification on the structural 
subunits of ARP at early stage of crystallization.  
However, another form of heterostruccture was found with improved crystallinity 
of BP. As shown in Figure 6-2c, it composed of crystalline and amorphous regions 
attributing to BP and ARP, respectively. The lattice fringes in the crystalline region are 
0.34 and 0.26 Å, corresponding to (021) and (040) planes, respectively. The magnified 
image of the crystalline-amorphous boundary is shown in Figure 6-2d. The crystalline-
amorphous heterostructure resulted the observed Raman spectrum of BP/ARP in Figure 
6-1c. By tuning the kinetics of the pressure-induced crystallization of ARP via applied 
pressure, BP/ARP heterstructures were fabricated. The ratio of this two forms of 
heterostructures could be affected by the dwelling time or pressure, depending on the 
stage of crystallization, as suggested by in-situ high pressure Raman spectra.  
These BP/ARP heterostructures could change of light absorption ability and 
charge separation efficiency of photogenerated electron–hole pairs17, 20-22 as in other 
photocatalysts of BP- or red phosphorus-based heterojuctions.6, 15 Therefore, we 
explored the chemical reaction between BP/ARP heterostructure and water under 






6.3.3 Visible Laser-Driven Reaction in Water under Pressure 
 
Figure 6- 3 Optical images illustrate the reaction between BP/ARP heterostructure material (dark areas) 
and water (golden areas) in DAC at room temperature and pressure of 0.12 GPa under irradiation for (a) 
0 hour, (b) 2 hour, and (c) 4 hours, and pressure of 0.54 GPa under irradiation for (d) 0 hour, (e) 1 hour, 
and (f) 2 hours. 
In Figure 6-3, the optical images of BP/ARP heterostructure in the deoxygenated 
water at different pressures for different periods of visible laser (488 nm) irradiation. In 
these images, the dark area, transparent region, and bubbles represent as-made BP/ARP 
heterostructure, water, and gas bubbles, respectively. In-situ Raman spectroscopy was 
employed to investigate changes of three different areas, bubbles, BP/ARP samples, 
and water, after different periods of time of 488 nm visible laser irradiation under 
different pressures as shown in the Figure 6-4.  
All bubbles gave the same Raman spectrum in the frequency region of 200~1200 
cm-1, as shown in Figure 6-4a for the BP/ARP heterostructure and Figure 6-5 and Figure 





spectrum of bubble are associated with the S0(0) (at 355 cm
-1), S0(1) (at 519 cm
-1), S0(2) 
(at 816 cm-1), and S0(3) (at 1033.5 cm
-1) rotational modes of hydrogen gas,4 confirming 
the production of hydrogen by photo-driven reaction of BP/ARP heterostructure and 
pure ARP with water under pressure. 
 
Figure 6- 4 Raman spectra collected in the frequency region of 200-1200 cm-1 of (a) gas bubbles of 
hydrogen with four characteristic peaks assigned to the S0(0) (355 cm-1), S0(1) (519 cm-1), S0(2) (816 
cm-1), and S0(3) (1033.5 cm-1) rotational modes of hydrogen gas, (b) samples in dark areas, and (c) water 
solution in transparent areas with peaks labeled by ♣ assigning to phosphorus oxyacids after different 






Figure 6- 5  Optical images of pure ARP and water reactions at different pressures of 0.11 and 0.56 GPa 
under 488 nm laser irradiation for different time periods. 
 
Figure 6- 6 Raman spectra of reactants (ARP and water) and products at different pressures of 0.11 and 
0.54 GPa. (a) hydrogen, bubbles in Figure 6-5, (b) ARP solids, the dark areas in Figure 6-5, and (c) water 
solution, the transparent areas in Figure 6-5. 





as suggested by the amount of bubbles produced under shorter light exposure time at 
0.54 GPa in contrast to reaction at 0.12 GPa (Figure 6-3). The reactivity of this 
heterostructure structure was compared to those of both ARP and BP at approximate 
pressures as well. As shown in optical images (Figure 6-5), ARP exhibited photo-
assisted reactivity with water and production of bubbles. By increasing the applied 
pressure from 0.11 to 0.56 GPa, the enhanced reactivity was indicated by the apparent 
volume of bubbles for same period of irradiation. Ceppatelli et al. attributed the 
enhancement effect to fast reaction driven by the photodissociation of water under 
pressure above 0.1 GPa and kinetics in high-pressure reactions.4  
In contrast to the heterostructure structure, the ARP has a lower reactivity with 
water under laser irradiation under pressure, as suggested by the longer irradiation time 
for production of bubbles. However, no visible bubble was observed in the case of pure 
BP under irradiation up to 10 hours under pressure of either 0.12 or 0.60 GPa (Figure 
6-7). Although the consumption of BP solid is noticeable, no phosphorus oxyacids were 
detected in the water (transparent area) according to the Raman spectra (Figure 6-8). 
These results suggested minimum photocatalytic ability of bulk BP as the result of the 
rapid recombination of photoexcited carriers.12-13, 17-18 Therefore, the improved 
hydrogen productivity of BP/ARP heterostructure was attributed to the appropriately 






Figure 6- 7 Optical images of BP and water reactions at different pressures of 0.12 and 0.60 GPa under 
488 nm irradiation up to 10 h. Parts of BP flakes were consumed but no visible gas bubble was observed. 
 
Figure 6- 8 Raman spectra of reactants (BP and water) and products at different pressures of 0.12 and 






Figure 6-4b shows the typical measured Raman spectra on the dark area (the 
BP/ARP heterostructure) in optical images at different pressures for different periods 
of laser irradiation. There is pressure-induced structural phase transition of the BP/ARP 
heterostructure according to the Raman spectra, as well as in pure ARP (Figure 6-6a) 
and BP (Figure 6-8a). The consumption of solids as a result of photo-induced reaction 
under pressures was obvious in the optical images (Figure 6-3, Figure 6-5 and Figure 
6-7 for BP/ARP heterostructure, pure ARP and BP, respectively).  
6.3.4 Morphologies of BP/ARP heterostructure, pure ARP, 
and pure BP 
 






Figure 6- 10 SEM images of reclaimed BP/ARP heterostructure material after irradiation (a) and (b) at 
0.12 GPa, and (c) and (d) at 0.54 GPa. 
 






Figure 6- 12 SEM images of reclaimed ARP residues after photo-assisted reaction at different pressure 
of (a to c) 0.11 and (d to f) 0.56 GPa. 
 






Figure 6- 14 SEM images of reclaimed BP residues after photo-assisted reaction at 0.12 GPa in (a) and 
(b), and at 0.60 GPa in (c) and (d). 
To understand the roles of pressure and structures of photocatalysts in the reaction 
rate of the laser-driven hydrogen production reaction, the micromorphologies of 
BP/ARP heterostructure, pure ARP and pure BP before and after reaction at different 
pressures were analyzed using SEM, as illustrated in Figure 6-9 to 6-14. Importantly, 
the BP/ARP heterostructure exhibited the largest extent of morphology modification 
under pressure of 0.54 GPa after 4 hours of irradiation (Figure 6-10) in contrast with 
pure ARP and BP at similar pressure but for longer time of irradiation, which supported 
the observed accelerated hydrogen production at higher pressure in the BP/ARP 
heterostructure. Besides hydrogen gas, oxidation products in the transparent areas were 
analyzed using in-situ Raman spectroscopy as shown in Figure 6-4c. The two small 
Raman peaks (labeled by ♣) could be attributed to the combination of reaction products 
of phosphorus oxyacids.4 In Figure 6-6c, Raman spectra acquired in the transparent area 
of the pure ARP sample do not demonstrate any feature belonging to phosphorus 





products as a result of slow reaction in contrast to the BP/ARP heterostructure at similar 
pressures. 
6.3.5 Reaction Mechanism 
 
Figure 6- 15 Schematic illustration demonstrates the mechanism of the charge separation and transfer in 
the BP/ARP heterostructures. 
In contrast to pure ARP and BP, the improved photocatalytic ability of the BP/ARP 
heterostructure under visible photoirradiation could be explained using the proposed 
mechanism, which is illustrated in the schematic diagram in Figure 6-15. The energy 
band structure of pure ARP was determined to be -0.32 eV (vs. NHE) for conduction 
band (CB) and 1.38 eV (vs. NHE) for the valence band (VB).17, 21 Meanwhile, the 
energy band structure of pure BP was calculated by DFT method to be -0.26 eV (vs. 
NHE) for CB and 0.06 eV (vs. NHE) for VB.17 Since the CB of pure BP is lower than 
the CB of pure ARP by 0.06 eV, such small difference could facilitate the transfer of 





work function of BP is 0.77 eV lower than that of ARP, resulting the electron transfer 
from BP to ARP through the heterostructure junction.18 Such charge transfer process 
leads to an internal electric field from ARP to BP at the interface, giving rise to 
facilitated separation and transfer of photoexcited carriers.18 In addition, the high charge 
carrier mobility of BP26 can also encourage the separation of the photoexcited electro-
hole pairs. When the BP/ARP heterostructure material irradiated by visible laser, 
electrons are excited from the VB to the CB of ARP in the heterostructure, leaving 
behind holes in the VB of ARP in the heterostructure. As these photoexcited electrons 
and holes are then transported to the interface of BP/ARP structure, the strong 
reducibility of holes and oxidizability of electrons are conserved to react with the 
surface-absorbed water molecules to produce hydrogen and hydroxyl radicals, 
respectively.5, 17-18, 21-22  
In this work, a new route is introduced to realize the direct synthesis the BP/ARP 
heterostructure, which showed enhanced performance in the laser-driven hydrogen 
production through water splitting. In our opinion, the relative amount and distribution 
of BP in the BP/ARP heterostructure can have appreciable influence on the 
photocatalytic performance of the BP/ARP heterostructure. Besides, our work also 
showed the positive influence of pressure on the photocatalytic reaction in the 
perspective of reaction rate. Therefore, future studies using this strain-engineering 
method will be conducted to study the performance of other semiconductor 















In summary, we synthesized BP/ARP heterostructure material using high-pressure 
method. The TEM results illustrated that this heterostructure features nanocrystals and 
well defined crystalline regions of BP embedded in amorphous matrix. The 
heterostructure material exhibited photocatalytic ability in the reaction with water, 
producing hydrogen and phosphorous oxyacids, which were supported by the Raman 
spectra of final product after reactions. By optical observation of the approximate 
amount of hydrogen gas produced and SEM analysis of surface roughness evolution of 
solids after reaction, we concluded that the BP/ARP heterostructure material is capable 
of improving the reactivity of phosphorus with water than ARP and BP. We also found 
that the reactivity of BP/ARP heterostructure with water under laser irradiation can be 
further increased by increasing the externally applied pressure to the system from 0.12 
to 0.54 GPa. Such enhancement can be attributed to two aspects. Firstly, the high charge 
carrier mobility of BP and the energy mismatch for CBs of BP and ARP give rise to the 
facilitated transfer of excited electrons from the CB of ARP to the CB of BP. Another 
reason is the pressure impact on the activation of the reaction and kinetics in high-
pressure reactions. This single elemental heterostructure of ARP and BP could be 
applied as an alternative for metal photocatalysts for hydrogen production with tunable 
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Conclusions and Future Work 
7.1 Summary and Conclusions 
In Chapter 3, the pressure-induced crystallization kinetics and mechanism of ARP 
were studied using Raman spectroscopy and TEM and explained using a structural 
subunit rearrangement and oriented attachment model. Our Raman results suggested 
the crystallization is a pressure-dependent process showing slow crystallization kinetics 
at a fixed pressure close to the critical crystallization pressure. Thanks to such sluggish 
pressure-driven crystallization kinetics, structure changes took place under high 
pressure which can be reserved for ex-situ structure analysis using TEM to reveal the 
pressure-induced crystallization mechanism. As supported by the results of TEM, 
evidence of a nucleation from amorphous matrix was observed, and such nucleation is 
driven by pressure-induced volume collapse and structural rearrangement of the 
subunits in ARP. The TEM results also suggested that ARP was first converted to an 
intermediate amorphous phase and then underwent a facile conversion into crystalline 
phase. This unconventional crystallization mechanism is correlated with stress driven 
structural rearrangement and re-orientation from nanocrystalline nucleation sites. The 
pressure-induced crystallization mechanism elucidated in Chapter 3 led to the further 
studies of synthesis of BP under high pressure using ARP as raw material, which was 
discussed in Chapter 4 and 5. This elaborated mechanism also gave rise to the synthesis 
of a BP/ARP heterostrucutre that was studied and discussed in Chapter 6. 
Under the guidance of the crystallization mechanism of ARP under high pressure 
discussed in Chapter 3, we expanded our research to promote the synthesis of BP using 
high pressure and ARP. In Chapter 4, the different purities of amorphous red phosphorus 
(97% and 99.99%) were subject to high pressure at room temperature and all 





production of BP at a low cost. Elements in the ARP and transformed BP were analyzed 
using EDS elemental mapping. The results suggested the existence of uniformly 
distributed metal elements, oxygen, and possibly silicon. The chemical states of 
phosphorus in both parent materials and products were investigated using XPS, which 
suggested the formation of black phosphorus and indicated its chemical bonding with 
oxygen but not with any metal elements. The chemical states of phosphorus in both 
ARP and BP were further confirmed by the XPS, revealing no chemical bonding 
between phosphorus and any metal element. Based on these results and the dramatic 
structural differences among polymorphisms of phosphorus, we proposed that 
phosphorus does not chemically bond with metal elements in the impurities before and 
after compression, and that the impurities exist in an interstitial form. To support this 
idea, careful high pressure studies were performed using in-situ Raman spectroscopy 
to monitor the onset pressures of phase transitions of phosphorus under high pressure 
using ARP as starting materials. We found that onset pressure of crystallization of ARP 
related to the presence of impurities which, in our opinion, act as nuclei and hence 
trigger heterogeneous nucleation, lowering the pressure threshold of the crystallization. 
The role of impurities in converting black phosphorus was further studied, which 
affected the onset pressure of the orthorhombic-rhombohedral phase transition. Our 
work proved that low purity ARP can be applied as an alternative raw material for the 
production of black phosphorus. The low purity ARP has great advantages in cost and 
availability, which are beneficial to the large scale production and wide applications of 
black phosphorus in the future. 
Based on the discussions and conclusions presented in Chapter 3 and Chapter 4, 
and considering the fact that oxidation of BP is beneficial in further increasing its band 
gap energy, we first and successfully utilized slightly oxidized ARP to directly 
synthesize the moderately oxidized BP using high pressure, as discussed in Chapter 5. 
The existence of phosphorus-oxygen bonding in ARP was confirmed by FTIR and XPS. 
In-situ high-pressure FTIR study showed reversible changes of P–O and P=O stretching 
modes under compression and decompression. The recovered sample after compression 





phosphorus-oxygen bonding in the BP was also revealed using XPS and in-situ high-
pressure FTIR. The FTIP results showed thunder pressure-induced changes of P–O and 
P=O stretching modes were reversible in both ARP and the converted BP. In addition, 
Raman results implied that phosphorus-oxygen bonds due to partial oxidation of 
phosphorus could have a minimum impact on the crystallization of slightly oxidized 
ARP and phase transitions of slightly oxidized BP under pressure. 
Following the demonstrated pressure-induced crystallization mechanism of ARP 
in Chapter 3, an amorphous/crystalline heterostructure was fabricated using high 
pressure and applied as a photocatalyst for hydrogen production from water with 
pressure-enhanced hydrogen production efficiency, which was discussed in the Chapter 
6. This single element BP/ARP heterostructure was first synthesized under high 
pressure at room temperature. The TEM results illustrated that the BP/ARP 
heterostructure phase is composed of different size crystalline BP. In contrast to pure 
BP and pure ARP material, the BP/ARP heterostructure material exhibited improved 
photocatalytic ability for hydrogen production under visible laser irradiation. 
Interestingly, the photo-induced hydrogen production efficiency was found 
considerably increased when the BP/ARP heterostructure material subjected to 
increasing pressure. These results can contribute to the development of new metal-free 
photocatalyst for the production of hydrogen as a future energy source and suggest a 
possible method of strain engineering to enhance the photocatalytic ability of 











7.2 Future Work 
The future studies should be focused on the pressure effects on properties of BP in 
the following perspectives:  
(1) The pressure induces a controllable charge transfer doping by causing an upward 
shift in the Dirac point with respect to the Fermi level, hence giving rise to heavy p‐
type doping character without introducing any impurities into the host 
material.1 Therefore, by using pressure, it is possible to tune the carrier concentration 
of BP heterostructure for electronic applications. 
(2) In-situ study of electronic and structural modulations of the few-layer BP by 
changing applied electrostatic gating voltage and pressure. It was found that the carrier 
mobility and density in the channel, and the contact conductance, can all be remarkably 
improved as pressure increases in other two-dimensional material.2 Therefore, BP as an 
important and attractive electronic material is an ideal candidate for unprecedented 
exploration of novel properties of different high-pressure phases under simultaneous 
tuning with electrical fields and stress. 
(3) So far high-pressure experimental studies using DAC are elusive on single 
molecules/nanoparticles. However, properties of pressurized BP on a single particle 
level, for instance individual nanocrystals, is unknown. It was remarkably found that 
individual nanocrystals either shifted to higher or to lower emission energies without 
indicating multiple emission lines under stress and that the direction and magnitude of 
reversible shifts depend on the orientation of nanocrystal axes with respect to the 
applied anisotropic force.3 The impact of adjustable compressive stress on the 
optoelectronic properties of individual BP nanocrystals is unclear and worth studying 
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